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WELCOME 

Bernard Sakowi t z  

I t  i s  q u i t e  an honor t o  be able t o  speak a t  t h i s ,  the f i r s t  
Technolow Transfer Conference he ld  i n  Houston and one o f  the f i r s t  
i n  the countr  . I welcome a l l  o f  you l ad ies  and gentlemen who are 4 ere  t o  ay an thank the  speakers and p a r t i c i p a n t s  who make such a 
meeting possible.  As Chairman o f  the Board o f  the Houston Chamber 
o f  Comnerce i t  i s  my p r i v i l e g e  t o  promote our c i t y  t o  many d i f f e r e n t  
groups w i t h  var ied  i n te res t s .  I th ink  no group b e t t e r  represents our  
c i t y  than the one gathered here today. 

Houston i s  the  petroleum c a p i t a l  o f  the  country and very 
poss ib ly  the world. We are a l so  we l l  on our way t o  becoming a na t iona l  
and i n te rna t i ona l  energy center.  We have one o f  the wor ld 's  f i n e s t  
medical f a c i l i t i e s  i n  our  Texas Medical Center. The o i l  i ndus t r i es  
have assembled i n  Houston the greatest  concentrat ion o f  ea r t h  
s c i e n t i s t s .  Through the  e f f o r t s  o f  the petroleum companies and our  
major u n i v e r s i t i e s  we are assuming a p o s i t i o n  o f  leadersh ip  i n  the  
ocean sciences and are acknowledged world-wide as the headqua~ters  f o r  
our  na t i on ' s  space e f f o r t s .  Houston i s  a world-renowned technology 
center  . 

The benef i ts  o f  having such var ied technologies concentrated 
i n  one spot producing i n t e r d i s c i p l i n a r y  innovat ions are j u s t  now be- 
coming known, although we can t r ace  our  development back t o  the 
na t iona l  commitment t o  pu t  a man on the  moon by 1970. 

I n  eleven days i t  w i l l  be seventeen years s ince the  Soviet  
Union launched Sputnik I, the f i r s t  man-made s a t e l l i t e ,  and provided 
the compet i t ive s t imulus which was t o  u l t i m a t e l y  propel the U. S. 
i n t o  the space age--the leadersh ip  o f  the  space age. Back i n  1957, 
a t  t h a t  low p o i n t  i n  our h i s t o r y ,  we were behind i n  space technology. 
But we q u i c k l y  caught up! 

I n  May, 1961, Alan Shephard's Mercury Rzdstone 3 pu t  the 
f i r s t  American i n t o  space--for a 15-minute t r i p .  I n  February, 1962, 
John Glenn became the f i r s t  American t o  o r b i t  the earth.  F i n a l l y ,  
i n  1969--and i t  hard ly  seems 5 years ago--Neil Armstrong proclaimea 
"one small step f o r  man, one g i a n t  leap f o r  mankind" from the  
surface of the moon. 

The space program and i t s  associated technology have 
come a long way. We are j u s t  now beginning t o  discover and apply 
a l l  o f  the subs id iary  bene f i t s  from i t .  Houston provides a per-  
f ec t  cu l  ture-medium f o r  the propagation o f  commercially successful 
appl icat ions o f  t h i s  technology due t o  the unique i n t e r f a c i n g  o f  
the l i f e  sciences and the ea r th  sciences w i t h  the ocean sciences 
and space sciences concentrated here i n  unique combfnation. 



Technology i s  def ined as the appl icat ion o f  science t o  
i n d u s t r i a l  o r  comnercial object ives. As businessmen we have the 
opportunity t o  draw from t h i s  tremendous reservo i r  o f  knowledge, t o  
b u i l d  on and combine these concepts t o  provide t o t a l l y  new products 
and services as wel l  as t o  improve techniques f o r  e x i s t i n g  products 
and services. 

However, the technology avai lab le here i s  no t  1 i m i  ted t o  
j u s t  t h a t  from the space pr2gram. We have speakers representing o ther  
government agencies and p r i va te  f irms, physicians and professors who 
have ideas which can be t ransferred across d i s c i p l i n a r y  d iv is ions  and 
successful l y  appl i e d  t o  comnercial endeavors. We can learn  much from 
each o f  them. We can p r o f i t  from an exchange o f  innovat ive ideas. 

In between the sessions I hope you w i l l  use your time t o  
examine the exh ib i t s  i n  the Scorpius Room--just nor th o f  us--and a lso 
those exh ib i t s  located i n  the lobby. 

I t  i s  my p r i v i l e g e  t o  welcome a l l  o f  you o f f i c i a l l y  t o  cur  
conference. I am conf ident you w i l l  f i n d  i t  a p r o f i t a b l e  and reward- 
i n g  investment o f  your time and i n te res t .  



OPENING REMARKS 
Dr. Christopher C. daft 

Good morning ladies and gentlemen. 

It is indeed a pleasure to welcome you to this Technology 
Transfer Conference. I hope it will prove a worthwhile and pro- 
ductive manner of effecting technology information exchange, 

The National Aeronautics and Space Act of 1958, which created 
NASA to conduct the nation's space exploration programs, specified 
that we should do so in such a way as to preserve "the role of the 
United States as a leader in aeronautical and space science and 
technology and in the applications thereof...". The Act further 
specifies that NASA provide for the widest practicable dissemina- 
tion of information concerning NASA's activities and their results. 
It is in response to these directives from the Congress that we 
conduct the technology applications programs you will hear described 
during this conference. 

The benefits of space technology are many. We have learned 
to take for granted television from China, Russia and Europe as 
part of the evening news. A facet of such developments not widely 
appreciated is that a single 1500 pound satellite has the same 
capability as a transatlantic cable weighing 11,500 tons and using 
2,500 tons of copper. The savings in energy and material resources 
;re as significant as they are obvious. 

The observation of the Earth from space is the routine basis 
for our analysis of the weather. 

Other observations of the Earth are giving us new insights 
into the Earth's structure and new perspectives on the use of land. 
Eventually, we may know enough to venture weather modific.tion 
to relieve drought and prevent hurricane. 

One of the most exciting experiments in the Skylab was the 
test of space processing techniques. The unique environment of 
weightlessness eliminates convective flow in heated materials and 
the removal of this disturbance allows the formation of metals, 
alloys and crystals of unprecedented purity and size. While this 
activity still needs a considerable amount of rescarch to establish 
its true potentizl, the economic benefits could be very rewarding. 

These, and other space activities, receive great public notice; 
equally important, but not so readily identified are the benefits 
derived from applying technology developed in the aeronautics and 
space program to commercial, industrial and medical processes in 
general use. 



I t  i s  a l w a y s  d i f f i c u l t ,  and somet imes  i m p o s s i b l e ,  t o  t r a c e  
how s u c h  t e c h n o l o g y  f l o w s  from i t s  i n i t i a l  deve lopment  t o  w i d e s p r e a d  
d p p l i c a t i o n ,  b u t  t h e  r e s u l t s  o f  s e v e r a l  s t u d i e s  e m p h a s i z e  t h e  
i m p o r t a n c e  o f  i n f o r ~ n a t i o n  exchange .  I t  i s  i n  d i s c u s s i o n s  be tween  
knowl-edgeable p e o p l e  t h a t  t h e  c o m p a t i b i l i t y  be tween c a p a b i l i t y  
and o p p o r t u n i t y  h a s  b e e n ,  and  w i l l  c o n t i n u e  t o  b e ,  r e c o g n i z e d .  

The i n c e n t i v e  f o r  d i a l o g u e  i s  s i g n i f i c a n t .  The government  h a s  
an  a n n u a l  i n v e s t m e n t  o f  more t h a n  1 5  b i l l i o n s  i n  r e s e t i r c h  and  
deve lopment .  The v a i u e  t o  t h e  N a t i o n  of  t h i s  i n v e s t m e n t  i s  g r e a t l y  
enhanced  a s  i t  i s  more w i d e l y  e x p l o i t e d .  To make a c c e s s  t o  t h i s  
body o f  i n f o r m a t i o n  r e a d i l y  a v a i l a b l e ,  NASA and o t h e r  a g e n c i e s  
p r o v i d e  i n f o r m a t i o n  d i s s e m i n a t i o n  s y s t e m s  which w i l l  b e  d c , ; c r i b e d  
i n  some d e t a ~ l  d u r i n g  t h i s  C o n f e r e n c e .  

To p r o v i d e  economic i n c e n t i v e  f o r  t h e  b \ l s i n e s s  r i s k  i n  
commercia l  a p p l i . c a t i o n s  o f  NASA i n v e n t i o n s ,  terms f o r  e x c l u s i v e  
l i c e n s e  may be  n e g o t i a t e d .  A c o n f e r e n c e  d e s c r i b i n g  t h e  NASA P a t e n t  
L i c e n s i n g  w i l l  b e  h e l d  i n  S a l t  Lake C i t y  t h i s  f a l l .  

Lct m e  f i n i s h  t h e s e  r emarks  on a  somewhat d i f f e r e n 2 ,  b u t  p e r h a p s  
more i m p o r t a n t ,  n o t e .  The s u c c e s s  o f  t h e  Space  Program owes much 
t o  t h z  e n e r g y  and i n i t i a t i v e  o f  t h e  men and women who p a r t i c i p a t e d  
i n  tllc d e s i g n  a n d  o p e r a t i o n  o f  t h e  s p a c e f l i g h t  s y s t e m s .  These  
same p e o p l e  s e e  many c h a l l e n g e s  which e x c i t e  them i n  t h e  e n e r g y ,  
e n v i r o n m e n t a l ,  and  p r o d u c t i v i t y  ~ e e d s  which c o n f r o n t  t h e  N a t i o n  
t o d a y .  They b e l i e v e  w e  have  s o m e t h i n g  t o  c o n t - i b u t e  i n  t h e s e  
a r e a s .  We a l s o  r e c o g n i z e  t h a t  w e  h a v e  much t o  l e a r n  a b o u t  how t o  
make s p a c e  activities more w i d e l y  u s e f u l .  

W e  a t  =he Johnson  Space  C e n t e r  a r e  f o r t u n a t e  t o  b e  p a r t  o f  ; 
c o r n m ~ n i t y  thL3t i s  b a s e d  on h i g h  t e c h n o l o g y  and L i g y r e s s i v e l y  i n t e r e s t e d  
I n  expand ing  t h e  u s e  o f  t e c h n o l o g y  t o  improve i n d u s t r i a l  p r o d u c t i v i t y  
arid t h e  q u a l i t y  o f  l i f e .  We i n t e n d  t o  do o u r  p a r t ,  and I a m  s r a t e -  
f u l  t o  M r .  S a k o w i t z  and  t h e  Houston Chamber o f  Commerce f o r  t h c  
o p p o r t u n i t y  t o  j o i n  w i t h  t h m  i n  s p o n s o r i n g  t h i s  C o n f e r e n c e .  



TECHNOLOGY TRANSFER 



TECHNOLOGY APPLICATION AT ROCKWELL INTERNATIONAL 

INTRODUCTION 

There are probably few places i n  the world where the meaning o f  the 
t e n  "technology t ransfer"  i s  b e t t e r  understood than here i n  Houston. 
Houston i s  the b i r thp lace o f  much o f  the technology used i n  the trans- 
f e r  process. NASA's technology u t i  1 i z a t i o n  program has made, and 
continues t o  make, benef ic ia l  contr ibut ions to  commerce and industry.  
I t s  impact on biomedical, mater ia l  sciences, struc:ures, e lect ronics 
and re la ted  f i e lds ,  i s  i n  evidence i n  products, processes and our 
ever-expanding nat ional base o f  knowledge. You w i l l  hear more about 
the speci f ics as t h i s  conference unfolds. 

Just as NASA's technology has contr ibuted t o  the growth and 
economic well-being o f  the Country, so have Rockwell In te rna t iona l  's  
s c i e n t i f i c  and technological s k i  11s helped our Corporate development 
by generating needed products and serv i  ces . Being a h i  gh-technology 
corporation, we are sens i t i ve  t o  external and i n te rna l  d i rec t i ona l  
trends. We appreciate the i n s i g h t  provided by meetings such as th i s .  
Our product and organizat ional planning are predicated on techcical ac- 
compi ishments to date and the extrz~o1at ;or  o f  our technological por t -  
fo l io ,  f o r  fu tu re  endeavors. 

I n  the next few minutes, I would l i k e  t o  t race the matur i ty  o f  
technology t rans fer  and u t i l i z a t i o n  a t  Rockwell In ternat ional ,  s t a r t i n g  
wi th the t rans fer  concept. The l a t t e r  provided some o f  the stimulus f o r  
the 1967 merger o f  the aerospace and e lec t ron ic  ta len ts  o f  North American 
Aviat ion w i th  the mu1 t i - i ndus t r y  commercial ly-or iented Rockwell Standard. 

Our experience i n  applying technology across business segments 
and organizational l i nes  f a l l s  i n t o  three categories as depicted i n  
Fig. 1. 

I w i l l  discuss the f i r s t  mode i n  more d e t a i l  shor t ly .  An 
example o f  the second mode i s  the fol lowing: 

1 

TECHNOLOGY APPLICATIONS ORGANIZATIONAL MODES 

o Transfer from technological l y  developed t o  under- 
developed organizations w i t h i n  company 

o Transfer between technological ly  developed 
organizations to  form four  new operations w i  t h i n  
company 

o Formation o f  high techno:ogy sp in -o f f  beyond 
the corporate e n t l  t y  

FIGURE 1 
L 



A new, high-technology o rgan iza t ion  w i t h  devices and products 
fo r  commercial markets (our  M ic roe lec t ron ics  D i v i s i ons )  was formed 
from an equa l l y  high-technology d i v i s i o n  - Autonet ics.  The new d i v i s i o n s  
develop dnd +odure metal ox ide semiconductor devices f o r  ca lcu la to rs ,  
e l e c t r s n i c  s l i d e  ru les,  d i g i t a l  watches and s i m i l a r  a r t i c l e s ,  as we l l  
as the end items under our own brand names and those o f  l a r g e  r e t a i l e r s .  

Th? t h i r d  form o f  o rgan iza t iona l  s t r u c t u r e  invo lves  two spin-off 
companies. Advanced Rockwell developments i n  1 i q u i  J and gas p u r i f i c a t i o n  
and i n  remote sensing systems s t imu la ted  t he  format ion o f  Env i ro tech and 
Geosource Corporations. Here again, c o m e r c i a l  markets bene f i ted  from 
aerospace technology. 

Now I hauld l i k e  t o  go a l i t t l e  deeper i n t o  the  f i r s t  mode which 
e n t a i l s  expsriences t h a t  seem t o  be q u i t e  i n t e r e s t i r ,  t o  o thers  begin- 
n ing  t o  p r a c t i c e  technology t rans fe r .  

Techno'logy t r ans fe r ,  as we use the term, i s  the process ;n which 
aerospace and e l ec t r on i cs  e ~ e r i e n c e  i s  app l ied  t o  b e w f i c i a l  ends i n  
the comnerc.ia1 arena (See F . j. 2 ) .  F i rs t -genera t ion  products, processes 
and management o r  business systems emerged. This was accompanied by 
the physica; t r a n s f e r  o f  we l l  over 300 people, one- th i rd  o f  whom we can 
c l a s s i f y  as foremost s p e c i a l i s t s  i n  t h e i r  f i e l d s ,  w i t h  pedigrees bear ing 
names 1 i k e  Apol lo ,  Saturn, Minuteman, Sabre-jet, and many more. 

About h a l f  o f  the exper ts  went ;nto middle management pos i t i ons  - 
Chief  Engineers, Control  l e r s ,  D i rec to rs ,  and Department Managers. 
Another quar te r  maintajned technica l  and spec ia l  i s t  c l a s s i f i c a t i o n s .  
The remaining quar te r  were almost equa l l y  s p l i t  between top  management 
(Grqup and D i v i s i on  Presidents,  Vice Presidents and General Managers) 
and f i r s t - l e v e l  superv is ion.  Thus, technology t r a n s f e r  has no t  on ly  
impacted our product 1 ines bu t  w i  11 have s i g n i f i c a n t  r am i f i ca t i ons  i n  
our pol  i c y  and decision-making processe: The b e n e f i t i n g  d i v i s i o n s  w i l l  
become obvious when I descr ibe c e r t a i n  programs. 

Most o f  our comnercial products are p r i n c i p a l l y  mechanical ly d r i ven  
and, i n  some cases, der i ved  through centur ies  o f  evo lu t i on  such as 
t e x t i l e  and p r i n t i n g  machinery. Compet i t ive pressures i n  our markets 
today demand g rea te r  p r o d u c t i v i t y  , more f l  e x i  b i  1 i t y  and improved 
bene f i t - to -cos t  r a t i o s  - c h a r a c t e r i s t i c s  which mechanical designs 
cannot s a t i s f y .  Thus, one o f  the pr imary t h rus t s  was i n  the d i r e c t i o n  
o f  fas t  responding, eas i  l y  programmed, inexpensive e l e c t r o n i c  and 
electro-mechanical devices, t o  rep lace the heavy, momentum-1 i m i  t i n g  , 
mechanical, machine members. 

Metro-set i s  a t y p i c a l  Rockwell product o f  t h i s  nature.  I t  
employs a type memory and min i  computer con t ro l  of a cathode ray  
tube t o  photographica l ly  image 1,000 1 ines o f  newspaper copy per 
minute. The photographic output ,  i n  any o f  100 type faces and i n  
various sizes, i s  used as an i n p u t  t o  the t ypese t t i ng  machine. 

Another development, Sk i d - t r o l ,  represents a product which r e -  
su l  t ed  from a Department o f  Transpor ta t ion l e g i s l a t e d  market. The 



PHASE I 
[ECHNOLOGY TRANSFtR  

ROC KW ELL 

STANDARD 

TECHNOLOG I ES 

I Rockwell International 1 A 
\ C O M M E R C I A L  \ 

I 1 NEEDS 1 
I CHALLENGES I 

ELECTRON I C S 
TECHNOLOG I ES 

FIRST-GENERATION PRODUCTS 

ELECTROSPIN 

ELECTROKN I T 48 

METRO-SET 

SKID-TROL 



need stems from a  des i  r e  t o  reduce acc idents ,  p r o p e r t y  damage and 
1 i a b i  1  i t y  c la ims r e s u l  t i n a  from j a c k k n i f e d  t r a c t o r - t r a i l e r s  d u r i n g  
pan ic  s tops.  

As w i t h  Met ro-set ,  S k i d - t r o l  , i s  an example o f  a whole new 
techno1 ogy ( e l e c t r o n i c s )  be ing i n t roduced  i n t o  a  convent iona l  l y  ~ ~ i e c h a n i  c a l  
market. With S k i d - t r o l  , an advanced-device m i n i  computer i s  used t o  
p e r f o r n  pa ramet r i c  c a l c u l a t i o n s  o f  wheel d e c e l e r a t i o n  d u r i n g  b rak ing .  
The computer s e l e c t s  and so lves  any one o f  nlore than 500 equat ions of 
motion, 50 t imes p e r  second. A t  t h e  p o i n t  o f  impendicg wheel l o c k  up, 
t he  brakes a r e  a u t o m a t i c a l l y  re leased  and reapp l i ed ,  much l i k e  a  
d r i v e r  pumping t h e  peda l .  The a c t i o n  i s  n o t  o n l y  f a s t e r  t han  a  d r i v e r ' s  
re f lexes,  b u t  r e s u l t s  i n  s t r a i g h t  stops,  i n  s h o r t e r  d is tances,  than if 
t h e  v e h i c l e  were under d r i v e r  c o n t r o l .  Se l f  t e s t  f ea tu res  a r e  i n c l u d e d  
i n  the  e l e c t r o n i c  c i r c u i t s .  

Through f i s c a l  1974 the  Corpo ra t i on  has i n v e s t e d  over  $25 m i l l i o n  
i n  technology t r a n s f e r .  Our annual o u t l a y  has been between e i g h t  and 
t e n  percent  o f  ou r  R & D budget. N i n e t y - f i v e  percent  o f  t h e  investments 
t o  date  have been adjudged t o  be f u l l y  p roduc t i ve ,  i n  t h a t  e i t h e r  
m d r ~ e t a b l e  p r o ~ u c t s  were ob ta ined  o r  program o b j e c t i v e s  were met. 

By use, t he  d i s t r i b u t i o n  o f  funds i nc ludes  about 50 pe rcen t  f o r  
development, 20 percent  each f o r  p ro to types  and p roduc t ion  a c t i v i t i e s ,  
and t h e  remainder f o r  f e a s i b i l i t y ,  market ing  o r  methods s tud ies .  

The people t r a n s f e r  (See F i g .  3 )  r e s u l t e d  i n  t h e  second o r  
technology u t i l i z a t i o n  phase, which I r e f e r r e d  t o  before--a fo rm 
very much i n  evidence a t  t h i s  t ime.  The people t r a n s f e r  has b u i l t  
up r e l a t i v e l y  independent capabi 1  i t i e s ,  w i t h i n  t h e  r e c e i v i n g  d i v i s i o n s .  
The d i v i s i o n s  gained new sk i l ; b ,  so e s s e n t i a l  t o  t h e  sale,  d i s t r i b u -  
t i o n ,  ope dLion, s e r v i c i n g ,  and maintenance o f  t h e  products .  I n h e r e n t  
51 the newly acqu i red s k i l l s  and techno log ies  was a  f r e s h  l o o k  a t  
t r a d i t i o n a l  p roduct  l i n e s  and t r a d i t i o n a l  ways of do ing business - a  
l ook  which i s  j u s t  s t a r t i n g  t o  evo lve  second-generation products  and 
e f f i c i e n c i e s  , as t r a n s f e r e e s  undertake the design o f  broader p roduc t  
l i n e s .  

We cont in t !?  the  t h r u s t  toward ~ o m e r c i a l  a p p l i c a t i o n s  as an 
ou ' . le t  f o r  o1.r advanced and f u t u r e  techno log ies .  Cur rent  a c t i v i t i e s  
-in,:lude: 

1 .  - ie use o f  mol ten s a l t s  i n  t h e  g a s i f i c a t i o n  o f  h i g h  su lphur  coa l .  

7 The use o f  a  m o d i f i c a t i o n  i n  a p p l y i n g  Saturn second stage i n s u l a -  
t i o n  f o r  low-cost  l i q u i f i e d  n a t u r a l  gas tankers ,  r a i l  cars ,  
s torage tanks, and p i p e  l i n e s .  

3. Appl i c ? t i  on o f  turbo-machinery knowledge t o  w a t e r j e t  p r o p u l s i o n  
on j e t f o i  1  boats .  
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I n  summary, technology d i f f u s i o n  a t  Rockwell I n t e r n a t i o n a l  has 
progressed from (1) the app l i ca t i on  o f  spec ia l  s k i l l s  t o  so lve speci-  
f i c  problems t o  (2 )  the t r a n s f e r  o f  t he  requ i red  people and s k i l l s  
t o  a1 low t he  comnercial d i v i s i o n s  t o  so l  de t h e i r  own problems and 
develop o r  improve t h e i r  own products. Our prime e f f o r t  i s  concentrated 
on comnercial i n d u s t r i a l  app l i ca t ions .  Rockwell 's major emphasis on 
advanced technology u t i  1 i z a t i o n  i s  d i r e c t e d  through th ree  operat iona l  
modes, namely, t r a n s f e r  from technolog ica l  l y  developed t o  underdeveloped 
organizat ions w i t h i n  the company; t r a n s f e r  between t echno log i ca l l y  de- 
veloped organizat ions t o  form new operat ions w i t h i n  the company; format ion 
o f  h igh  technalogy sp in -o f f  organizat ions beyond the corporate  e n t i t y .  
Two key lessons we have learned a re  t h a t  successful technology t r a n s f e r  
requ i red  people t r a n s f e r  and committed conversion budgets. Without 
both o f  these ingred ients ,  bene f i c i a l  t r a n s f e r  i s  doomed from the  s t a r t ,  
a t  l e a s t  as we p rac t i ce  i h e  sub ject .  But heeding t n i s  caveat, tecirtiology 
t r a n s f e r  has been and we expect i t  t o  cont inue t o  be a major c o n t r i b u t o r  
t o  our  improving product 1 ines and o rgan iza t iona l  growth, and we h i g h l y  
recomnend the p r a c t i  ce. 



TECHNOLOGY PIPELINE 

Butch Vor is 

NASA recognized e a r l y  t h a t  the r a t h e r  in formal  and sometimes 
serendipi tous process of na tu ra l  d i f fus ion  had t o  be enhanced and 
acce lerated through the  development o f  an organized techno1 ogy pro- 
gram; hence, the  establ ishment o f  t h e  Technology U t i  1 i z a t i o n  Program 
back i n  1962. 

A f t e r  ten  years o f  evo lu t ion ,  the  Technology U t i  1 i z a t i o n  program 
now useq th ree  basic and complementary technology- t ransfer  mechanisms: 
Pub1 i ca t i on ,  Technical Assistance Dissemination, and Appl i c a t i o n  
Demonstrations. 

My d iscuss ion today w i l l  be d i r ec ted  t o  the  market ing of NASA 
technology and i n d u s t r i a l  appl i ca t i ons .  

PUBLICATIONS 

Each o f  NASA's f i e l d  i n s t a l  1 a t ions  has a Technology U t i  1 i z a t i o n  
Of f i ce r .  H is  assignment i s  t o  i d e n t i f y ,  document and eva luate new 
technology generated by NASA and i t s  contract.ors. I n  add i t i on ,  he i s  
a lso charged w i t h  assur ing t h a t  such technology i s  r a p i d l y  ava i l ab l e  
t o  p o t e n t i a l  users i n  and o u t  of t he  aerospace comnunity. These 
O f f i c e r s  admin is ter  a spec ia l  c lause i n  NASA con t rac ts  w i t h  p r i v a t e  
f irms. The clause requ i res  con t rac to rs  t o  r epo r t  t o  NASA any new 
technology developed i n  the course o f  t h e i r  work. And, such new 
technology--when i t  i s  deemed t o  have commercial p o t e n t i a l - - i s  announced 
t o  business and i ndus t r y  through var ious media. 

THE TECH BRIEF 

The NASA Tech B r i e f  i s  probably the most w ide ly  known announce- 
ment medium. I t  i s  a techn ica l  desc r i p t i on  o f  an innovat ion,  w i t h  
s t ra i3ht - forward explanat ions o f  bas ic  concepts and p r i n c i p l e s .  The 
Tech B r i e f  reader can ob ta i n  more d e t a i l e d  in fo rmat ion  from a NASA 
Technical Support Package (TSP) . The TSP inc ludes t e s t  data, drawi ngs , 
spec i f i ca t ions ,  and i t  i s  a v i l a b l e  by w r i t i n g  t o  t he  Technology 
U t i l i z a t i o n  O f f i c e r  whose address i s  prov ided i n  the  o r i g i n a l  Tech 
B r i e f .  Whi l e  obv ious ly  innovat ions o f t e n  need t o  be modi f ied f o r  
new appl i ca t ions ,  the record i nd i ca tes  h igh i n t e r e s t  and considerable 
technology t r a n s f e r  s t imu la ted  by Tech B r i e f s  and TSPs. 

For example, NASA Tech B r i e f  70-10520, which descr ibes a NASA 
Langley Research Center f l owchar t ,  provided an ordered t e s t  sequence 
a l low ing  quick i d e n t i f i c a t i o n  o f  metals and a l l o y s  and a t t r a c t e d  
major i ndus t r y  a t t e n t i  on. The accompanying TSP a t t r a c t e d  requests 
by more than 1,000 people. Using the NASA system, even complex 
a l l o y s  can be i d e n t i f i e d  i n  30 minutes o r  l ess  by workers w i t h  very  



l i t t l e  t r d i n i n g .  The t e s t  requ i res on l y  the app l i ca t i on  o f  standard 
chemical reagents t o  metal surfaces, spo t -p la te  depressions, o r  on 
f i l t e r  paper. Colors o r  s p e c i f i c  react ions produced by the  reagents 
a l low i d e n t i f i c a t i o n ,  and on l y  a  minute amount o f  the metal i s  destroyed. 

Many o f  the people who i nqu i r ed  f o r  de ta i  1  s  have found appl i c a -  
t i o n s  f o r  the system. And, the I n s t i t u t e  o f  Scrap I r o n  and Steel has 
d i s t r i b u t e d  copies o f  the  NASA Tech B r i e f  t o  i t s  member companies. 

Here are some examples o f  app l i ca t ions  o f  the NASA spo t - tes t  
technique: 

o  The Houston Branch o f  t $ e  Rockwell Manufacturing Company, 
a  producer o f  o f fshore o i l  r i g  equipment, uses the spot 
t e s t  as a  standard procedure t o  process customer complaints 
on mal funct ion ing equipment. Such mal funct ions o f t e n  
r e s u l t  from us ing  i n c o r r e c t  a1 l oys  i n  a  g iven component. 

o  An i n d u s t r i a l  hygiene chemist w i t h  the  New York State  
Department o f  Labor i s  us ing the  spot  t e s t  t o  he lp  i d e n t i f y  
hea l t h  hazards a s s o ~ i a t e d  w i t h  metal f a b r i c a t i o n .  He i s  
espec ia l l y  i n t e r e s t e d  i n  a l l o y s  using b e r y l l i u m  and 
cadmi um. 

Another example o f  Tech B r i e f  spurred techro logy t rans fe r :  

o  The Boeing Company, under con t rac t  t o  NASA Marshal l  Space 
F l i g h t  Center, invented a por tab le ,  e l e c t r i c a l  ly-powered 
u l t r a s o n i c  hand t o o l  f o r  r ap id  scanning o f  spot-weld 
d i s c n r ~ t i n u i  t i e s  i n  sniall and inaccess ib le  places. The 
u n i t  inc ludes an u l t r a s o n i c  search u n i t  at tached t o  a  
so lenoid  i n  a  housing assembly t h a t  inc ludes t he  scanning 
motor. The so lenoid  i s  f i t t e d  w i t h  a record ing s t y l us  
i n  contact  w i t h  pressure-sensi t i ve  paper t o  prov ide a 
readout o f  r e s u l t s .  The f r o n t  end o f  the scanner i s  
placed on the area being examined. The s p i r a l  scanning 
motion o f  the  u l t r a s o n i c  search u n i t  i s  recorded as a  
sp i  r a  I p a t t e r n  on t he  pressure-sensi t i v e  paper. Weld 
d i s c o n t i n u i t i e s  appear as breaks i n  the s p i r a l  pa t te rn .  

The Moragne Machine and Manufacturing Corporat ion i n  Texas i s  us ing 
several copies o f  t h i s  hand t o o l  , bui 1  t on i t.s premises , t o  inspec t  
welds on equipment produced by Moragne f o r  i n d u s t r i a l  uses. The Company's 
pres ident  has used the o r i g i n a l  NASA TSP and o the r  TSPs i n  an extens ive 
i n v e s t i g a t i o n  o f  u l t r ason i cs .  Those i nves t i ga t i ons  have produced i n -  
ventions: d patented u l t r a s o n i c  p r e c i p i t a t o r  t o  c lean the a i r  i n  t he  
Houston Astrodon~e, a  carbon- and f i r e - b r i c k  p lan t ;  and a welding method 
i n  which the work p iece i s  v ib ra ted  d l  t r a s o n i c a l l y  t o  produce a st iper ior  
weld. The Lonipany p res iden t  c r e d i t s  NASA technology-transfer f o r  some 
$3.5 n i i l l i u n  worth o f  new sa les.  

Another major source o f  in format ion t o  i ndus t r y  on NASA innova- 
t i o n s  t h a t  may lend  themselves t o  adaptat ion i s  the Technology 
U t i l i z a t i o n  Compilat ion. These are c o l l e c t i o n s  o f  a  number of r e l a t e d  



ideas i n t o  a s i n g l e  book, cover ing a general techn ica l  sub ject .  These 
books are generously i l l u s t r a t e d ,  and serve as workbooks on a p r a c t i c a l  
l e v e l .  

Some recent  examples o f  Technology U t i  1 i z a t i o n  Compi lat ion Volumes: 

o Biomedicine 
o S o l i d  State  Technology 
o Chemistry Technology 
o E lec t r on i c  Control  C i r c u i t s  
o Computer Programs, Mechani ca l  and S t ruc tu ra l  

Design C r i t e r i a  

The scope o f  the  Tech B r i e f  and a l l i e d  disseminat ion e f f o r t s  i s  
i l l u s t r a t e d  by the f a c t  t h a t  ned r l y  6,000 Tech Br iefs--and 84 Compilat ions, 
have been pub1 i shed s ince 1964. 

And, dur ing  1973 alone, more than 68,000 requests f o r  d e t a i l e d  
Technical Suppcrt Packages were rece ived by NASA from American i ndus t r y .  
Such 3 heartening response demonstrates the cont inued v i a b i l i t y  o f  t h i s  
proven techno1 ogy t r a n s f e r  mechanism. 

DISSEMINATION AND INDUSTRIAL APPLICATIONS 

Dissemination o f  technolog ica l  i n f o r m a t i o ~  i s  c r u c i a l  t o  o rde r l y  
technology t rans fe r ,  and the  Technology U t i  1 i z a t i  on O f f i ces  a t  the  var ious 
NASA f i e l d  centers p l ay  a major r o l e  i n  t h i s  func t ion .  Not on l y  do they 
respond t o  i n q u i r i e s  s t imu la ted  by the pub l i ca t i ons  programs and t o  i n -  
q u i r i e s  o f  a more general nature,  bu t  they a i so  conduct p e r i o d i c  con- 
ferences on s p e c i f i c  technolog ica l  subjects such as f i r e  safe ty ,  i o n  
p l z t i ng ,  as we l l  as the convening o f  technica l  conferences f o r  s p e c i f i c  
user graups such as e l e c t r i c  power producers. 

Also, the Technology U t i l i z a t i o n  Program operates a network o f  
Regional Dissemination Centers (RDC's) which prov ide access t o  aerospace 
technology f o r  the i n d u s t r i  a1 sector  o f  the economy. Spec ia l l y  s t r uc tu red  
Biomedi ca l  and Technology Appl i c a t i o n  Teams o f f e r  technica l  so l u t i ons  t o  
problems i n  the  p u b l i c  sector .  The o v e r a l l  concept i s  l i nkage- - tha t  i s ,  
the  Technology U t i l i z a t i o n  Progrzm i s  geared t o  the  conv i c t i on  t h a t  
on l y  through d i r e c t  contact  w i t h  p o t e n t i a l  users can t r a n s f e r  o f  aero- 
space technology be successful beycnd the normal groups t h a t  have 
access t o  i t .  That means a con t inu ing  e f f o r t  t o  work w i t h  p o t e n t i a l  
users t o  de f ine  problems t h a t  might  be amenable t o  aerospace-derived 
so lu t i ons  and then t o  a c t i v e l y  a s s i s t  i n  problem so l v i ng  e f f o r t s  w i t h  
the customers f o r  such technology. 

THE RDC I s  

NASA's Regional Dissemination Centers are a major element i n  t h i s  
e f f o r t .  Tney prov ide ava i l ab l e  technology i n  response t~ s p e c i f i c a l  l y  
s t a ted  technica l  problems and in format ion needs o f  users ranging from 
small business t o  the l a rges t  compacies. Firms subscr ib ing t o  RDC 
serv ices cover a broad spectrum o f  the U. S.  business community. The 



Centers a l so  serve u n i v e r s i t y  f a c u l t i e s  and students a t  t h e  RDC l o c a t i o n s ,  
inany n7t iona1, s t a t e  and l o c a l  o r g a ~ i z a t i o n ,  and government u n i t s  a t  a l l  
l e v e l s .  

A , te l  ecomnuni c a t i  on network connect ing the  Centers $ermi t s  RDC 
customers i n  any p a r t  of t h e  country t o  r e a c h - - t h r o ~ g h  t h e  Center most 
convenient t o  them--the f u l l  t echn ica l  resources o f  a1 1  t.he centers,  
and t o  a v a i l  themselves o f  the  f u l l  range o f  data avai  l a b l e  i n  t h e  t o t a l  
network. These inc lude  techn ica l  c o n t r i b u t i o n s  , research f i n d i n g s  and 
re1 ated mater i  a1 assembled by NASA's S c i e n t i f i c  and Technical  Informa- 
t i o n  Of f i ce ,  as w e l l  as comparable in fo rmat ion  f rom o t h e r  sources on 
advanced research and development. The RDC's through t h e i r  working 
r e l a t i o n s h i p s  and people-to-people contact  w i t h  NASA f i e l d  centers,  
a c t  as constant  c a t a l y s t s  t o  b r i n g  i n d u s t r y  c l o s e r  t o  problems and 
needs c l o s e r  t o  NASA's t e c h n i c a l  experiences and capabi 1  i t i e s .  

The Centers serve as p ro fess iona l  techn ica l  -assi  stance consu l tants  
t o  c l i e n t s  i n  t h e  major i n d u s t r i 3 1  regions i n  which they  are  located,  
p r o v i d i n g  two bas ic  k inds o f  serv ice:  techn ica l  i n f o r m a t i o n  gathered 
by r e t r o s p e c t i v e  search o f  t h e  NASA data bank t o  uncover a l l  i n f o r m a t i o n  
re lavan t  t o  a  given problem and c u r r e n t  awareness' s e r v i c e  t h a t  in forms 
c l  i e n t s  o f  innovat ions.  The data inc ludes abst rac ts ,  research repor ts ,  
f u l l  - t e x t  p r i n t w i t s  of techn ica l  a r t i c l e s ,  and o ther  documents. Also,  
c l  i e n t s  can rece ive techn ica l  assistance on s p e c i f i c  problems from 
RDC s t a f f s  and from NASA research s c i e n t i s t s  and engineers. 

The response t o  t i le  RDC se rv i ce  i s  i l l u s t r a t e d  by the  f a c t  t h a t  
l a s t  year  the Centers prov ided se rv i ce  t o  more than 3,200 i n d u s t r i a l  
c l i e n t s ,  a  25% increase over  1972. The RDC's a l so  aided a  number o f  
s t a t e  and 1  ocal  governments by p r o v i d i n g  access t o  advanced aerospace 
techno1 ogy . 

REGIONAL DISSEMINATION CENTERS: 

o  Aerospace Research Appl i c a t i o n s  Center (ARAC) , 1,idiana 
Uni v e r s i  t y  , Bl oomi ngton , I n d i  ana 47401 

o Knowledge Avai l a b i  1  i t y  Systems Center (KASC), U n i v c r s i  t y  
of P i t t sburgh ,  P i t t sburgh ,  P e ~ ~ n s y l v a n i a  15260 

o New England Research A p p l i c a t i o n  Center (NERAC), The 
U n i v e r s i t y  of Connect icut ,  S to r rs ,  Connect ic i l t  06268 

o Nor th  Caro l ina  Science and Technology R e s e a r ~ h  Center 
(NC-STRC) , Research T r i a n g l e  Park, Nor th  Carol i n a  27709 

o Technology Appl i c a t i o n  Center (TAC) , The Univers i t y  
o f  New Mexico, A i  buquerqua, N2w Mexico 87106 

o Western Research Appl i c a t i o n  Center (WESRAC) , U n i v e r s i t y  
of Southern Cal i f o r n i  a, Los Angel es , Cal i f o r n i  a  90907 



The NASA Technology U t i l i z a t i o n  Program leadersh ip  i s  convinced 
t h a t  many o f  the d iscover ies  emerging from the na t i on ' s  aerospace 
program have po ten t i  a1 nonaerospace appl i c a t i o n s  . And, the RDC ' s  
have already developed a strong record of p a r t i c i p a t i o n  i n  successful  
technology t r a n s f e r  along these very 1 ines . 

One recent  example: A Regional Dissemination Center r ecen t l y  
ass is ted a company t h a t  was look ing  f o r  a way t o  remove b a c t e r i a l  
organisms t h a t  were contaminating l a r g e  vats  used i n  the  production 
of a n t i b i o t i c s .  An RDC search o f  NASA data sources revealed chenical  
methcds t h a t  had long been used t o  c lean NASA space rocket  fue; tanks. 
The aerospace s o l u t i o n  made i t  poss ib le  f o r  the company t o  so lve : t s  
problem w i thou t  d i v e r t i n g  expensive technica l  manpower frm t h e i  r 
regu la r  work. 

Most o f ten,  companies c a l l  on RDC's f o r  i n fo rmat ion  on a SF ' : .  c 
problem. For example, Pyronet ics,  a company i n  C a l i f o r n i a ,  was .?:I,. .jp- 
i n g  a por tab le ,  low-cost mu1 t i -purpose welding torch.  But, the c t r  , . . y 
faced the technica l  problem o f  a bu lky  high-pressure oxygen supply. 
Pyronet ics asked f o r  an RDC search o f  NASA data f o r  in fo rmat ion  cn 
ch lorate  candles. These candles are unique i n  t h a t  they generat.e oxygen 
wh i le  they burn. The Western Research App l i ca t i on  Center a t  t h ~  
Un ive rs i t y  o f  Southern C a l i f o r n i a  prov ided informat ior ,  on ch1orat.e-+cardle 
compostion, hazards, appl i c a t i o n s  and manufacturing and s h i p p i t y  r egula- 
t i ons .  The data was c r u c i a l  t o  the development o f  Py rone t i c ' s  f i na ;  
market product--which weighs on ly  seven pounds. By the  end o f  1972, 
more than 20,000 u n i t s  had been sold.  

Another very t y p i c a l  example. Owens-Corning F iberg l  as i n  Texas i s  
supply ing the i n s u l a t i o n  f o r  the Alaskan pipe1 ine.  Unique thermal 
stresses and concern w i t h  envi  ronmental considerat ions requ i  red t he  com- 
pany t o  analyze the mechanical- themal stresaps on the  i nsu la t i on ,  which 
was t o  be made o f  a jacketed r i g i d  faam. An RDC data bank search 
i d e n t i f i e d  a NASA repo r t  da t i ng  back t o  1965 t h a t  o f fe red  the  bas is  f o r  
the requi red analys is .  

Another example o f  RDC con t r ibu t ions :  The ILC Company i n  C a l i f o r n i a  
produces pulse lamps and continuous-wave devices and communication 
equipment. This firm asked the Western Research Appl i c a t i o n s  Center 
t o  prepare a s ta te -o f - the -a r t  search on arc-lamp cathode technology. 
Using the data from the search, t he  f i tm in t roduced several  innova- 
t i ons  i n t o  t h e i r  arc-lamp product l i n e .  ILC says t h a t  the  RDC serv ice  
saved them $25,000 and improved t h e i r  compet i t ive  pos i t i on .  

COSMIC 

The U. S,  space program has spurred major advances i n  computer 
technology and NASA's Tech~o logy  U t i l i z a t i o n  Program has provided access 
t o  these software bene f i t s  t o  the Na t ion 's  computer users. Thus, an 
important component i n  the technology t ransfer  e f f o r t  i s  NASA'; Com- 
pu te r  Saftware and Management Informat ion Center (COSMIC), 1 ocated 
a t  the Un i ve r s i t y  o f  Georgia. This Center c o l l e c t s ,  evaluates,  and 
d i s t r i b u t e s  computer tapes, cards, decks, program 1 i s t i n g s  dnd 



and machine-run i ns t r uc t i ons .  COSMIC and a1 1 Regional Disseminat ion 
Centers s e l l  "software" t o  p o t e n t i a l  users a t  p r i ce4  based on cos t  
of reproduct ion and d i s t r i b u t i o n .  

COSMIC serves as a c e t ~ t r a l  clearinghouse and disseminat ion o u t l e t  
f o r  computer programs and r e l a t e d  data developed by NASA and i t s  
cont ractors ,  as w e l l  as those developed by the Department of Defense. 
The Center i s  now es tab l i shed  as a locus o f  support f o r  the i n d u s t r i a l ,  
educat ional  and business communities . It has aS ready disseminated 
near l y  20,000 i tems . 

New items are cons tan t l y  being added t o  the  COSMIC program i n -  
ventory and near l y  1,000 complete programs are now a v a i l a t l e .  

One example o f  technology t r a n s f e r  i n  the computer prtgram f i e l d  
i s  NASTRAN (NASA S t ruc tu ra l  Analysis Program). NASTRAN i s  a general 
prupose d ig i ta l - compute r  program o r i g i n a l l y  developed t o  analyze s t a t i c  
and dynaml c behavior o f  e l  a s t i c  s t ruc tu res .  The progrc.111 was o r i g i n a l l y  
and i s  s t i l l  used by NASA and aerospace companies, t o  analyze a , r c r a f t  
fuselages, wings and t a i  1 assemblies , space vehic les  ( V i  ~ i n g  and Sky1 ab) 
and re l a ted  launch f a c i  1 i t i e s  and t u rb i ne  engines. 

Because o f  i t s  v e r s a t i l i t y ,  t h i s  computer program i s  now w ide ly  
used by scores o f  f i rms  i nc l ud ing  the Ford Motor Company ( t o  assure 
q u a l i t y  o f  auto frames). More than 200 companies have purchased the  
NASTRAN program. Ford, one o f  the  most well-known users, says i t  i s  
saving $12 m i l l i o n  a year w i t h  t h i s  ~ompu te r  program. 

The programs discussed above are impor tant  and essen t ia l  t o  
es tab l i sh  a con t inu ing  r e l a t i o n s h i p  w i t h  indus t ry .  To supplement 
and r2ach the o b j e c t i v e  o f  "c rea t ing  a na t iona l  s t a t e  :I: mind which 
accepts and supports NASA as being v i t a l  t o  the growth, s e c u r i t y  and 
w e l l  being o f  our na t ion"  new i n i t i a t i v e ;  i n  market ing were i n i t i a t e d  
i n  1973 and are being acce l le ra ted  noK and k i l l  become more i ~ t e n s i f i e d  
i n  coming years. Two o f  these programs are: 

INDUSTRIAL SEMINARS .----- 

A ser ies  o f  I n d u s t r i a l  Seminars have been presented and met w i t h  
a great  deal o f  success, en1 i s t i n g  very favorab le  comment by attendees. 
The purpose o f  the Seminar i s  t o  in t roduce a se l ec t  group of key 
i n d u s t r i a l  managers t o  NASA's Technology U t i  1 i z a t i o n  Program and the 
r o l e  o f  the RDCs i n  p rov id ing  technology t r a n s f e r  serv ices.  The 
~ ~ ~ e e t i n g s  have been he ld  i n  se lected tridwestern c i t i e s  i , r i  t n  a l a rge  
f ndus t r i a l  o r  manufacturing base, such as Chicago, D e t r o i t ,  
Minneapol i s ,  e t c .  Prospect ive atendees are general l y  p -esidents,  
technica l  v i ce  p re i l den t s  o r  managers o f  R&D o f  the majc,r companies 
i n  the area. Each person se lected i s  sent a personal i n v i t a t i o f ?  t o  
the Scrninar which i s  combined w i t h  lunch t o  make i t  convenient f o r  
a busy e r x u t i v e  t o  at tend. The i n v i t e d  group i s  r e s t r i c t e d  t o  35 t o  



50 people t o  al low f o r  a relaxed atmosphere and personal i n te rac t i on  
between speakers and attendees. The Program usual ly  consists of a 
short  informal t a l k  by a NASA o f f i c i a l  about NASA's Technology U t i l  i za-  
t i o n  Program followed by a selected f i l m  and lunch. A f t e r  lunch an RDC 
representative describes the various services and opportuni t ies offered 
by the NASA program. S u f f i c i e n t  t ime i s  allowed f o r  general questions 
and discussion. The meeting i s  then adjourned and attendees are en- 
couraged t o  stay and engage i n  fu r the r  discussions w i th  the NASA o r  
RDC representative a t  t h e i r  option. The i n d u s t r i a l  Seminar has proven 
t o  be a very cost /ef fect ive mechanism t o  communicate d i r e c t l y  w i th  a 
h igh ly  se lect  group o f  business executives, and has increased the visa- 
b i l i t y  o f  NASA and the Technology U t i l i z a t i o n  Program mate r ia l l y  i n  the 
business comnunity where Seminars have been held. 

Seminars held i n  the past have been d i rected p r i m a r i l y  t o  technical 
management a s~iences. We are planning t o  hold Seminars f o r  more general 
audiences, such as, c i t y  and s ta te  o f f i c i a l s ,  businessmen and leaders 
of organizations concerned w i th  problems whi ch concern the general pub1 i c  
such as transpur-tation, the environment, de l i very  o f  heal th services, etc .  

PATENT LICENSING CONFERENCES 

Four NASA Patent Licensi ng/Technology U t i  1 i zation Conference have 
been held t o  date. The attendance has averaged 200 per Conference, 
w i th  the audience comprised p r imar i l y  o f  management representatives 
from companies o f  a l l  sizes. Heavy NASA representation and per-sonal 
in te r face  are emphasized i n  order t o  get maximum exposure and induce 
genuine i n te res t  arnorX7 the attendees. 

ihe react ions t o  the Conferences have been very favorable, w i th  
a high degree o f  i n te res t  and surpr ise a t  the e f f o r t s  NASA i s  making 
t o  provide i t s  technology i n  an eas i l y  accessible manner t o  industry .  
Conferences have been held i n  Los Angeles, Boston, Jacksonvi l le and 
Chicago; the next Conference i s  t e n t a t i v e l y  planned f o r  S a l t  Lake City 
on November 19, 1974. 

I n  conclusion l e t  Ine say t h a t  my organizat ion i s  market or iented 
and i s  planning addit ional programs t o  inform the pub l ic  of NASA': 
nat ional resource i n  tcchnolcgy ava i lab le  f o r  inmediate appl i ca t i on .  
You can be assured tha t  these plans w i l l  be developed t o  increase 
the re turn  o f  the nat ional investment i n  aerospace research and 
development by encouraging addi t ional  uses o f  the technology gained 
i n  those programs. 



, .. - . - COMPUTERS AND TERYINALS AS AN A I D  
TO 

INTERNATIONAL TECHNOLOGY TRANSFER 

William T. Sweeney 

Obviously, t h i s  audience is composed of i n d i v i d u a l s  no t  on ly  
g e n e r a l l y  i n t e r e s t e d  i n  new technology, b u t  a l s o  respons ib le  f o r  
R&D, corpora te  development, and t h e  c o n t r d  of r e l a t e d  budgets.  A 
popular ,  e f f e c t i v e ,  and less expensive method of enhancing new 
bus iness  oppor tun i ty  programs, involves  technology t r a n s f e r  through 
i n t e r n a t i o n a l  l i c e n s i n g .  Today, more than e v e r ,  co rpora t ions  recog- 
n i z e  t h e  p o t e n t i a l  of o p p o r t u n i t i e s  der ived from sources  o u t s i d e  of 
t h e i r  own resea rch  and eng ineer ing  e f f o r t s .  

Such o p p o r t u n i t i e s  do e x i s t  and a r e  a v a i l a b l e  from sources  not  
on ly  i n  t h e  United S t a t e s ,  b u t  from many c o u n t r i e s  throughout t h e  
world,  and involve  a l l  t echno log ica l  f i e l d s .  When a corpora t ion  is  
confronted wi th  t h e  problem of making a v a i l a b l e  a new product o r  
process  t o  b e  in t roduced,  i t  is b e s t  t o  f i n d  o u t  i f  the  r e l a t e d  
technology a l r e a d y  e x i s t s  -- why re-invent t h e  wheel! However, t h i s  
o v e r s i g h t  is a common d a i l y  tragedy.  

Examples of sources  t h a t  do e x i s t  inc lude:  

A. Independent Research Labora to r i es  
B. Governmental Agencies 
C. U n i v e r s i t i e s  
D. Corporat ions  

The Independent Research Labora to r i es  a r e  important  sources  of  
new and u s e f u l  technology because they a r e  i n  bus iness  f o r  one 
reason,  and one reason on ly ,  and t h a t  is t o  develop a product o r  
process  which can be l i c e n s e d  and/or  s o l d  f o r  a p r o f i t  t o  corpora- 
t i o n s .  P a s t  exper ience  shows a n  ou t s t and ing  record of success  i n  
p repar ing  very  s a l a b l e  technology. 

The Governmental Agencies a r e  a l s o  providing new technology t o  
companies throughout t h e  world. Here i n  the  United S t a t e s ,  examples 
of these  agencies  would be  t h e  United S t a t e s  Department of Agricul-  
t u r e  (iJSDA) , Department of Heal th ,  Education, and Welfare (HEW), 
United S t a t e s  Department of t h e  I n t e r i o r  (Bureau of Mines), Nat ional  
Aeronautics and Space Adminis t ra t ion (NASA), e t c .  And i n  o t h e r  
c o u n t r i e s  t h e r e  a r e  s i m i l a r  agenc ies ,  such a s  NRDC i n  t h e  U.K. ,  
ANVAR i n  France, e t c .  Governmental agencies  provide  tremendous 
s c i e n t i f i c  brainpower suppor t  which enab les  p o t e n t i a l  l i c e n s e e s  t o  
no t  only a c q u i r e  technology,  b u t  che continued necessary  r e l a t e d  
a b i l i t y .  

The UniversFt ies  t h ~ o u g h o u t  t h e  world a r e  engaged i n  resea rch  
and m n y  of them now a r e  beginning t o  work more c l o s e l y  wi th  
i n d u s t r y  than they have i n  t h e  p a s t .  U n i v e r s i t i e s  f i n d  they can 
rece ive  a d d i t i o n a l  revenue throagh opLions and l i c e n s i n g  agreements 
wi th  major indus t ry .  They a r e  now developing t h e i r  technology t o  a 



f u r t h e r  d e g r e e ,  s o  tile end-use a p p l i c ~ t t i o n  is more s u i t a b l e  t o  
i c d u s t r y  throughout  t h e  world.  Due t o  t h i s ,  many Univers;  t i e s  
have c>xperienced s u c c e s s  i n  d e v e h p i n g  l i c e n s e  r e l a t i o n s l i l p s .  
Tkere a r e  s e v e r a l  s u c c e s s  s t o r i e s  r e l a t i n g  t o  t h i s  t ype  of a r r ange -  
ment, whicti can bc Curnislicd t o  s u p p o r t  t h i s  s t a t e m e c t .  

The C o r p o r a t i a n s  througliout  t h e  world a r e  t h e  iriajor c o n t r i t u -  
t o r s  t o  t h e  bank of a v a i  l a b l c  l i c e n s a b l e  t e c l ~ n o l o g y .  The technology 
d e r i v e d  from c o r p o r a t e  s o u r c e s  is u s u a l l y  a t  more advanced s t a g e s  
of development. Of t en  a s i g n i f i c a n t  amount of economic and market- 
i n g  d a t a  is  a v a i l a b l e  froill t h e s e  s o u r c e s .  

A good example of t h e  q u a n t i t y  of new and I i c e n s a b l e  t e ~ t ~ n o l o g y  
would be  tile 7,000 p r o d u c t s  o r  p r o c e s s e s  which a r c  p r e s e n t l y  con- 
t a i n e d  i n  t h e  1)vorkovitz  World Rank of Technolcgy. I n  most c a s e s  
i t  is n o t  s p i r - o f f  technology,  b u t  i t  is  new and un ique ,  o f f e r i n g  
a t t r i b u t e s  e n a b l i n g  p roduc t  i n t r o d u c t i o n  w i t h  expediency .  

How do companies become aware of t h e  new developments  which a r e  
a v a i l a b l e  f roni o l * t s i d e  s o u r ~ e s ?  Many of thesi do t h i s  th rough t h e i r  
own e f f o r t s ,  and a r e  be ing  somewhat s u c c e s s f u l .  However, ;luc t o  c o s t  
and t i n e  involved n o t  a l l  companies have  a  chance t o  do i t  a lone .  

' l ' l~us, i t  is obvious  t h a t  a  t h i r d  p a r t y  p r o v i d e s  an  impor t an t  
c a t a l y s t  i n  tile technology s c a r c h  and t r a n s f e r  p r o c e s s .  Many 
c o r p o r a t i o n s ,  b ~ ) t h  domest ic  and f o r e i g n ,  u s e  I t h i r d  pa r t - ?  t o  
supplc::~t?n t t l l c l  i r  R61) 2nd c o r p o r a t e  development programs ; howevzr , 
t h i s  is nc)t l i n i i  t e d  t ~ l  t h e  l a rge  c o r p o r a t i o n s .  Numeroirs corpora-  
t i o n s  w i t t i  two K O  f i v e  m i l l i o n  d o l l a r s  i n  annua l  s a l e s  a r c  a l s o  
engaged i n  such 1c.t i v i t  i es  and r t 1 ; ~ t i o n s h i p s  w i t h  t h i r d  p a r t i e s .  I n  
f a c t ,  many s m a l l  companies r e g a r d  t h i r d  p a r t y  a c t i v i t i e s  ad t h e i r  
K&L) o r  Corpo ra t e  1)evelopincnt 1)epartmcnt. Before t h i s  o r  any approach  
can be  effective, n company must be p repa red  t o  p r o p e r l : ~  u ~ i l i z e  such  
s e r v i c e s ,  i . r .  : 

1. l i h i l c  .in abunclauct of nt,w and ust:fcl tcc:hnnlogv i s  
a v s  i  l ab  l c ,  a  c o r p a r a t  i nn  must determine wliat would 
most e a s i l y  f i t  i n t o  i ts  e x i s t i n g  - ? r g a n i z a t i o n ,  or 
convey t h e  d i r e c t i o n  i t  i n t e n d s  t o  go i n  ti le f u t u r e .  

2 .  The c o r p o r a t i o n  must a l s o  li:lve t h e  p rope r  f a c i l i t i e s  
. ~ n d  r e s o u r c e s  t o  e v a l u a t e  new t e c h n o l o ~ v .  Frequ; i t l y  , 
nL.w tc1l:tin~lngy is p rc s tw ted  b u t  no ntlvantnge car1 hc 
t aken .  clue t o  dn insuf  f i c i e n c y  in  t h e  e v a l u a t i o n  
systetn. In manv in s t a r l ce s ,  tno ther  comp;lny wi thout  
t h i s  weakness ( g e n e r a l l y  a compe t i t o r  t o  t h e  formp:) 
t a k e s  t he  same tpchnc,lag)r t o  cununerc i;ll iz,i t ion 
prof  i t n h l v .  

:lrrcc t h i s  c r i t e r i o n  h.is h c t ~ n  i , : t . t ,  r lit. comp~lnv car1 prc~cced i n  
scl t !ct  i n g  the  th i - rd-par tv  system wliic:h : i i  11 ! c s t  s u i t  i t s  ntlcds. 
Dr. 1)vork~lvi t  z & A s s o c i a t e s  tins imp iemented :I unique t h i r d - p a r t y  
system, which  is proven p ~ o f  i tclh1.e t o  many c a r p o r a t  i nns  t h roughcu t  
t h e  wor ld .  Ide be1 i e v e ,  arid ou r  c.1 i e n t s  a g r e e ,  t h ; i ~  t h i s  computer ized  



system is probably t h e  most e f f e c t i v e  and Least expensive t h i r d -  
p a r t y  approach a v a i l a b l e .  Th i s  system h a s  been e s t a b l i s h e d  f o r  
over 14 yea rs ,  and has  been t e s t e d  and proven. Over 400 agreements 
have taken place  a s  a  r e s u l t  of t h e  a c t i v i t i e s  of D r .  Dvorkovitz & 
Associa tes .  

A netw;,rk of r e p r e s e n t a t i v e s  has  been e s t n b l i s h e d  throughout 
the  world, who a r e  pe r sona l ly  con tac t ing  every conceivable  source  
of technology on a  d a i l y  b a s i s .  Companies a r e  a l s o  contacted d a i l y  
t o  determine t h e i r  needs and i n t e r e s t s ,  enab l ing  us t o  organize  
e f f e c t i v e  p r o f i l e s  of p o t e n t i a l  l i c e n s e e s .  

As the  svstetn grew, t h e  amount of technology and number of 
company p r o f i l e s  increased t o  tile p a i n t  where i t  became necessarv 
t o  i n s c a l l  a  computer. The technology and companies were programmed 
i n t c  the  computer, and more e f f e c t i v e  "matching" occurred.  A s  t h i s  
continued,  the  d a t a  bank grew even more r a p i d l y  and uicre agreements 
s i a r t e d  occurr ing.  This  continued growth h a s  requ i red  expansion of  
the  computer system. 

The present  i n s t a l l a t i o n  r e p r e s e n t s  t h e  t h i r d  such expansion,  
which has  included the a d d i t i o n  of computer t e rmina l s  t o  t h e  system. 
Terminals a l low our r e p r e s e n t a t i v e s  and c l i e n t s  t o  t a p  the  d a t a  bank 
from any l o c a t i o n  wherd a  s tandard telephone is a v a i l a b l e .  Licens- 
a b l e  technology from around t h e  world is  now a v a i l a b l e  a t  a c l i e n t ' s  
f i n g e r t i p  i n  a  momnnt's n o t i c e .  

Severa l  l a r g e  corpora t ions ,  not  only i n  the  United S t a t e s  bt-t 
i n  Japan,  a r e  us ing t e rmina l s  t o  r e t r i e v e  informat ion from an 
I n t e r n a t i o n a l  Bank of Technology concerning new bus iness  opportuni-  
t i e s .  A s a t e l l i t e  computer bank has  been e s t a b l i s h e d  i n  Japan and 
i n  I s r a e l .  A worldwide communications network is  being e s t a b l i s h e d  
s o  t h a t  d e p o s i t s  and withdrawals can be e f f e c t e d  t o  the  computerized 
World Bank of Technology i n  Ormond Beach, F l o r i d a ,  with a  l o c a l  
telephone c a l l  from v i r t u a l l y  any developed country i n  the  world. 

Some of our c l i e n t s  a r e  being furnished with t e rmina l s  -- o t h e r s  
a r e  us ing t h e i r  own te rmina l s .  which they a l s o  use f o r  "in-house" 
p r o j e c t s .  Over 20 t e rmina l  manufacturers produce u n i t s  t h a t  a r e  
compatible with our IBM 360 system. 

A Dvorkovitz c l i e n t  mav use h i s  t e rmina l  f o r  d e t a i l e d  word 
sea rch ing ,  d i sp lay ing  a l l  items i n  a  s p e c i f i c  t echno lng ica l  
category (companies a r e  prdvided w i t k .  a  breakdown of over 90 such 
c a t e g o r i e s )  o r  t o  d i s p l a y  any s i n g l e  item of i n t e r e s t .  

Addi t iona l ly ,  a Dvorkovitz r e p r e s e n t a t i v e  has  access  t o  
approximately 15 o t h e r  func t ions  through the  coniputer t e rmina l ,  
i . e . ,  t o  d iscover  the c u r r e n t  s t a t u s  of a  formal o f f e r ;  d i s p l a y  
a l l  i tems o f fe red  t o  a  speci f  i c  company; d i s p l . 1 ~  ;ill compnnics t o  
whom a  s p e c i f i c  item has  been o f f e r e d ;  t o  l o c a t e  .111 p e r t i n e n t  data  
concerning a  company's needs o r  i n t e r e s t s ,  e t c .  



Companies taking advantage of t h e  Dvorkovitz system w i l l  
r e c e i v e  technology i n  t h e  form of a t e c h n i c a l  a b s t r a c t .  Th i s  
wi l l  f u r n i s h  d a t a  regarding t h e  source  and d e s c r i p t i o n  of t h e  
product o r  process .  Also included w i l l  be main uses  and advan- 
tages  over e x i s t i n g  products ,  degree of development, economic 
d a t a ,  p a t e n t  information and a v a i l a b i l i t y  by country.  The 
computer p r in t -ou t s  ; re  designed t o  f u r n i s h  enough d a t a  t o  a l low 
the  p rospec t ive  l i censee  t o  cvnlunte  in  l e s s  than t h r e e  nlinutes 
the  s u i t a b i l i t y  of the  technology t o  h i s  needs. I f  the company 
i s  i n t e r e s t e d ,  more d e t a i l e d  informat ion i n  the form of d o s s i e r s ,  
p ro to types ,  and samples w i l l  fo l low from Dr. Dvorkovitz 6 
Assoc ia tes ,  o r  from the  l i c e n s o r s .  Acting a s  an  in te rmedia rv ,  
Dr. Dvorkovitz & Assoc ia tes  makes every e f f o r t  t o  supply a l l  of 
the  d a t a  necessary  f o r  c l i e n t s  t o  make a dec i s ion .  

There a r e  numerous o t h e r  th i rd -pa r ty  approaches a v a i l a b l e .  
However, t h e  computer and t e rmina l  system is unique,  providing 
companies wi th  the  a b i l i t y  t o  keep a b r e a s t  and t ake  advantage 
of new technology. Our only  bus iness  is l i c e n s i n g ,  and a l l  of 
our r e sources  a r e  s o l e l y  devoted t o  accomplishing s u c c e s s f u l  
l i c e n s e s .  

A s  technology t r a n s f e r  becomes more popular and proves t o  
be an  economical method f o r  companies of a l l  s i z e s  t o  t ake  
advantage of n t rer~endous  amount of new and a v a i l a b l e  technologv 
from sources  a l l  over t h e  vo r ld ,  t h e  in t roduc t ion  of computers 
and t e rmina l s  i n t o  the  I n t e r n a t i o n a l  Technology T r a n s f t r  process  
is proving to  be a s u c c e s s f u l  method f o r  companies t o  t ake  p a r t  
i n  t h i s  b e n e f i c i a l  approach t o  new bus iness  o p p o r t u n i t i e s .  
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I come here from a business where our main job  i s  t o  make 
money . . . f o r  our c l i e n t s  and f o r  ourselves. This may sound l i k e  
nothing unusual. But considering past audience react ions I am 
not  so sure about t h i s  any more. I do not  come here as an 
ideologis t ,  nor do I object  t o  mora l i s ts  o r  socia l  c r i t i c s  who 
have d i f f e r e n t  views on my subject. I wish t o  s t i c k  t o  my 
business . 

I have discussed my today's subject w i th  other groups before 
i n  the United States and around the globe. I n  doing so I have 
made a curious observation: 

Here i n  the United States, publ ic  defender o f  the  p r o f i t  
motive, I have been t o l d  tha t  maximizing p r o f i t s  as my company 
does f o r  i t s  c l i e n t s  seems t o  be something bad and undesirable, 
a l i t t l e  b i t  too much, s t r a i g h t  Yankee imperialism. 

I n  South America I have been t o l d  tha t ,  a f t e r  a1 1, American 
technology i s  there. The money f o r  developing i t  was expended, 
and therefore why should the South Americans pay f o r  i t  again ? 
They want i t  f o r  f ree.  

I n  the Soviet Union and i n  other Conun is t  countr ies my 
case studies have b e ~ n  received w i th  enthusiasm. Whenever I show 
some of our examples o f  maximizing p r o f i t s  i n  those countr ies 
a1 1 I hear i s  "MORE, PLEASE, MORE". 

1 am not  the speaker on the phi losophical aspects o f  I n t e r -  
nat ional  Technology Transfer. Nor am I here t o  judge whose 
approach or  theory i s  r i g h t ,  the North Americans1, the  South 
Americans', o r  the Russians1. 3ut since my top ic  o f ten  arouses 
sharp p o l i t i c a l  opinions, I thought I get the question o f  socia l  
value out o f  the way f i r s t .  I am not  going t o  deal w i t h  how 
much of p lenty i s  too much, o r  o f  how much o f  nothing i s  too 
l i t t l e .  

Instead I want t o  deal s t r i c t l y  w i t h  the question of how t o  
maximize p r o f i t s  i n  In te rnat iona l  Technology Transfer. I want t o  
prove tha t  higher than E% r o y a l t y  ra tes  can be obtained - and why 
ra tes  of up t o  200% are being paid . . . cheer fu l l y .  

I w i l l  present a case study t o  i l l u s t r a t e  one method used 
t o  obta in higher than usual earnings f o r  both, 1 icensor and 
1 icensee. 

I be1 ieve tha t  a professional i n  the f i e l d  o; in te rna t iona l  
business w i l l  consider i t  one o f  h is  main tasks  no^ merely t o  
accompl i s h  technology t rans fer ,  but t o  make sure tha t  both s e l l e r  
and buyer reap the highest f i nanc ia l  rewards possible. 

To do t h i s  i t  takes a l o t  o f  d e t a i l  work. You may want t o  
use a computer. However, maybe the most decis ive ingredient  f o r  
the r i g h t  outcolne o f  your work i s  t o  combine the maximum o f  



a v a i l a b l e  f a c t s  w i t h  imaginat ion.  

Please do no t  expect a s imple rec ipe .  

Whether o r  no t  t o  e f fec t  I n t e rna t i ona l  Technology Transfer  
cou ld  be phrased another way: How t o  en te r  a f o r e i g n  market ? 
Q u i t e  o f t e n  i n d i v i d u a l s  and companies jump t o  conclusions as t o  
what they should do i n  c e r t a i n  markets. I n t e rna t i ona l  Technology 
Transfer i s  merely one way of en te r ing  a market, and it may be 
the  wrong way,. . . a1 ways assuming t h a t  we want t o  maximize p r o f i t s .  
I f  you wish t o  g i v e  your technology away, go r i g h t  ahead. There 
a re  p l en t y  o f  takers .  And i f  I n te rna t i ona l  Technology Transfer 
by i t s e l f  i s  t h e  aim, t he re  i s  very  l i t t l e  t o  it. 

To en te r  a f o r e i g n  market p r o f i t a b l y ,  you have many choices.  
To f i n d  t h e  one which i s  most s u i t a b l e  f o r  your product o r  
process i t  migh t  be adv isab le  t o  do your homework f i r s t .  

For instance: Take an inven to ry  o f  wh: 14 have : People, 
products, money and t ime. Don' t  inmediate',  ' 3  on a s p e c i f i c  
approach, whether 1 icens ing , j o i n t  venture a e r .  Le t  t h e  
f a c t s  o f  the case determine t ha t .  Plan f o r  J n i t y  instead. 
Develop an organized approach f o r  planning ,pportuni t y .  Do 
research i n  t h e  market you want t o  enter.  

You w i l l  f i n d  advantages and disadvantages, bu t  t h e  
f o l  lowing may be your choices i n  general : 

L icens ing 
Overseas repackaging and assembly 
Overseas manufacturing subs id ia ry  
J o i n t  venture 
D i r e c t  sales 

and, l a s t  y e t  most important,  
a m i x tu re  o f  above. 

Let  ine s t a r t  here w i t h  1 icens ing s ince t h i s  i s  where many 
e f f o r t s  o f  I n t e rna t i ona l  Technology Transfer begin. 

Technology t r a n s f e r  i n  t he  form o f  1 icens ing a product o r  
process t o  o thers  i s  by i t s e l f  a form o f  maximizing p r o f i t s  on 
e x i s t i n g  know-how. For instance, i f  a1 1 your product ion capac i t y  
i s  used up, o r  i f  you d o n ' t  want t o  i nves t  i n  markets you a r e  no t  
ready f o r  o r  unable t o  cover p roper l y  by your own e f f o r t s ,  
technology t r a n s f e r  through 1 icens ing does two th ings :  

(1) I t  makes somebody e l s e  i n  those i n t e rna t i ona l  markets work 
w i t h  you ins tead of aya ins t  you, and i t  may keep o thers  from 
t r y i n g  t o  copy o r  overcome vour technolog ica l  advantage - 
a t  l e a s t  temporar i l y .  I n  o-t ier  words: I t  helps you ma in ta in  
your i n t e rna t i ona l  compet i t i ve  pos i t i on .  

and 



(2) It g ives  you a d d i t i o n a l  revenue f o r  which you d i d n ' t  have t o  
expend mate r ia l  o r  product i o n  1  abor. 

1 w i l l  d is regard t h e  obvious rewards o f  technology t r a n s f e r  
here, such as being compet i t ive ,  d e r i v i n g  a  normal 1  icens ing 
income, e tc .  I am dea l ing  here s t r i c t l y  w i t h  t h e  PLUS i n  p r o f i t s  
which can be obtained. My concern i s :  How much M m c a n  we 
ob ta in .  

Le t  me s top a t  t h i s  po in t  t o  make a fundamental statement, 
f o r  some people t h i n k  t h a t  maximizing p r o f i t s  i s  equal t o  making 
a f a s t  buck. Nothing could  be f u r t h e r  from the  t r u t h .  Successful 
and p r o f i t a b l e  technology t r a n s f e r  i s  NEVER a one-way s t r ee t .  L i ke  
i n  any good long  l a s t i n g  r e l a t i o n s h i p  o f 6 u y e r  and s e l l e r ,  both 
must ob ta i n  adequate bene f i t s .  The minute a  1  icensor i s  so hungry 
t o  t r y  and ge t  a l l  t he  p r o f i t s  f o r  h imsel f ,  l eav i ng  t h e  1 icensee 
w i t h  l i t t l e  more than work and a nominal advantage, t h e  r e l a t i o n -  
sh ip  i s  no t  going t o  l a s t  very  long. 

Therefore, sharp deals a re  out.  A s tea l  o r  negot ia ted g ive-  
away i s  worthless.  Technology changes very  f a s t  nowadays. A one- 
t ime advantage i s  o f t e n  overcome much sooner than anybody thought. 
Long term cooperat ion i s  more important than a shor t  term 
f i nanc ia l  gain.  And o n l y  a  c l e a r  understanding o f  who der i ves  
which bene f i t s  from what w i l l  ensure a  heal thy  and l a s t i n g  
r e l a t i onsh ip .  

The bas is  f o r  MORE p r o f i t s  between p a r t i e s  o f f e r i n g  and 
buying technology i s 1  i d  e t h i c a l  conduct and complete d i s -  
c losure  o f  i n t en t i ons .  

Coming t o  the HOW of maximizing p r o f i t s  from technology 
t r a l i s f e r ,  you a re  a r f a m i l i a r  w i t h  t he  patent  a t to rney  o r  
corporate  l i c e n s i n g  department, where when t he  quest ion o f  
technology t r a n s f e r  comes up, t h i s  i ssue  i s  main ly  a  quest ion o f  
percentages and form. Standard con t rac ts  a re  used w i t h  blanks t o  
be f i l l e d  i n .  

What i s  the  percentage we charge on l i censes  o f  
t h i s  t ype  ? 

Well, l e t ' s  t r y  f o r  8. 

O r  i f  he represents t he  o ther  s ide:  

L e t ' s  t r y  and ge t  i t  f o r  3. 

O f  course the agreement must be i n  our language and t he  
j u r i s d i c t i o n  i n  case o f  cou r t  a c t i o n  i s  t o  be t h a t  o f  
our  home town . . . 



I am not saying tha t  these questions are not  important and 
should be neglected. 0.f course not.  But what I am t r y i n g  t o  
focus a t ten t i on  on i s  t h i s :  If you want t o  increase f inancia l  
rewards i n  technology t rans fer  transactions, you cannot look a t  
the  process piecemeal, as a p ~ t e n t  pro ject ,  a l i cens ing  pro jec t ,  
a marketing pro ject ,  etc., but you have t o  look a t  i t  as a whole. 
You have t o  be very scept ical  w i th  b o i l e r  p l a t e  agreements and 
you canriot use a stereotype approach t o  f i nd ing  a market. 

Research i n  depth i s  necessary. This i s  hard t o  do from 
your desk a t  home o r  by merely w r i t i n g  t o  consulates, chambers 
o f  comnerce, o r  your branch o f f i c e  o r  s i s t e r  company. You got 
t o  get up close, very close. Your problem i s  always very spec i f i c  
- not general. I f  you want t o  get  more f o r  your technology o r  
der ive  more benef i ts by obta in ing it, i t  i s  obvious tha t  you w i l l  
have t o  do a 1 i t t l e  more than the ordinary. 

Let me show you by using an example what I am t a l k i n g  about. 
This case study i s  a t r u e  re la t ionsh ip  as handled by my company, 
Pegasus In te rnat iona l .  It also i s  not  a closed and shut case out 
o f  a dusty f i l e ,  but one tha t  i s  a1 i v e  and producing healthy 
revenue every day. 

I have brought w i t h  nle a sample of the prgduct which we were 
t o  s e l l  o r  1 icense f o r  one u f  our American c l i e n t s .  Here i t  i s .  
The device is very simple. It combines the canpressed gas 
p r i n c i p l e  o f  the aerosol w i t h  an ord inary atomizer. There are 
three par ts :  

(1) the can holding the propel lant  gas closed o f f  by a valve 

(2) the glass o r  p l a s t i c  reservo i r  container, which holds the 
mater ia l  t o  be sprayed; and 

(3) the bridge, which l i n k s  the  two together. Only the l a s t ,  
No. 3, i s  patented; a novel design o f  expansion chambers 
resu l t s  i n  an increase o f  e f f i c i ency  i n  the amount o f  gas 
being used t o  propel the mater ia l  being sprayed - an 
increase o f  about 35%. 

From a p r i c i n g  po in t  o f  view, the separate components cost  
( a t  one time ) :  

(1)  65$ f o r  the propel lant  container 

( 2 )  104 f o r  the j a r  w i t h  cap, and 

( 3 )  15t f o r  the p l a s t i c  bridge. 

I n  our i n i t i a l  th ink ing  about t h i s  item f o r  export sale, 
we had t o  consider t ha t  most customers might des i re  t o  ~ r o d u c e  
the two non-patented components l o c a l l y ,  and thereby avoid 
t ransport  and import duty costs involved i n  purchase from the  



3n i t ed  States.  This would mean t h a t  expor t  sales would very  
q u i c k l y  be l i m i t e d  t o  t he  t r i d g e s  on ly ,  which a t  156 each - 
and cons ider ing t h a t  they a re  reusable - wobld mean a very  small 
C o l l a r  volume i n  r e t u r n  f o r  t he  considerable e f f o r t  invo lved i n  
in t roduc ing  t he  product.  

Since most 1  icense agreements prov ide f o r  the manufac,ture, 
use and sa le  o f  t h e  product being l icensed, we f e l t  t h a t  i n  t h i s  
case we were ne t  merely s e l l i n g ,  but  a l so  conveying a r i g h t  
t o  USE the  paterded item, and t h a t  consequently, a  r o y a l t y  as -- 
p a r t  o f  t he  sales p r i c e  w u l d  he appropr ia te .  Our market s tud ies 
showed t h a t  f i v e  r e f i l l s  p lus  f i v e  j a r s  were used - and I 
emphasize again t he  word - USED - w i t h  each s i n g l e  b r idge  before 
t he  b r idqe  wore ou t  o r  became clogged o r  l o s t ,  I t  seemed 
ap9ropr ia te  t o  assess a r o y a l t y  f i g u r e  t h a t  approximated 5% 
o f  t h e  t o t a l  value o f  t he  USE o f  t he  product. Tota l1  i n g  up one 
b r idge  a t  154, p lus 5 j a r s a t  106 each, p lus  f i v e  r e f i l l s  a t  
654 each gave us a  t o t a l  f i g c r e  o f  $3.90. Apply ing a 5% r o y a l t y  
t he re to  yave us a  r o y a l t y  f i g u r e  o f  19.5Q. This would be a 
r o y a l t y  higher than the  cos t  o f  t he  b r idge  i t s e l f .  Therefore we 
cvnpromised and added o n l y  156 r o y a l t y  t o  t he  p r i c e  o f  t he  br idge, 
making i t s  cos t  f o r  expor t  sa le  304 ea,h. 

We were ca re fu l  t o  p o i n t  ou t  i n  our  nego t ia t ions  w i t h  pro-  
spect ive l icensees and customers t h a t  t he  r o y a l t y  was ca l cu l a ted  
on t h e  cos t  o f  not  t he  b r idge  alone, but  r a t h e r  t h e  cos t  o f  a l l  
t h e  components used throughout t he  expected 1 i f e  o f  t he  br idge.  
A t  154 r o y a l t y ,  t h i s  meant t h a t  t h e  ac tua l  r o y a l t y  percentage was 
3.85%, which i s  genera l l y  considered an equi tab1 e percentage - 
al though i n  f a c t  t h i s  means a l O O X  r o y a l t y  being pa id  on t h e  i tem 
our  c l i e n t  i s  supply ing. 

I n  t h e  l a r g e r  sense, thus, we estab l ished t h i s  p r i c i n g  p o l i c y  
w i t h  t he  long term view t h a t  l i c e n s i n g  t he  product ion o f  these 
u n i t s  was i nev i t ab l e ,  and we wanted t o  have our l o g i c  s t r a i g h t  
from the  s t a r t  t o  j u s t i f y  t h i s  f i g u r e .  

License nego t ia t ions  d i d  i n  f a c t  occur, w i t h  t he  r e s u l t  t h a t  
a  ! icensee was set up ill one major i n d u s t r i a l  count ry  w i t h  r i g h t s  
t o  s e l l  the re  and i n  a  few se lected arezc elsewhere. There was 
no ob jec t i on  t o  the  15Q r o y a l t y  r a te ,  be~ause  o f  what we nad done 
i n  t h e  market f i r s t ,  wh',h was t o  es tab l i sh  an expor t  p r i c e  
based on t he  use o f  a l l  components which was s t i l l  ccmpet i t i ve .  

We now had a source ou t s i de  t h e  U.S. f o r  t he  unpatented 
components o f  t h e  u n i t ,  namely t h e  r e f i l l s  and j a r s  - as w e l l ,  
o f  course, o f  the br idges. With 3 growing i n t e rna t i ona l  market 
f o r  t h i s  device,  we considered t h a t  one 01 more add i t i o r ia l  
1  icensees might be requi red.  

But before doing so we a i d  another study, i nc l ud ing  t o  f i n d  
ou t  what i t  would cos t  t o  nave t h e  r e f i l l s  and j a r s  m?de i n  t h e  
i n t e r n a t i o n a l  mark.et. I t  turnea ou t  t h a t  we could buy t h e  r e f i l l  



f u l l y  packaged f o r  40$ and t h e  g lass j a r s  f o r  6t each. Rather than 
l i c e n s e  someone e l se  we went t o  odr customers and t o l d  them t h a t  
we would s h o r t l y  be ab le  t o  supply them w i t h  r e f i l l s  and g lass 
j a r s  a t  t h e  p r e v a i l i n g  U.S. fac to ry  p r i ce ,  bu t  ins tead o f  t h e i r  
paying f r e i g h t  and import  du t y  on products from the  Uni ted States, 
t he  U.S. domestic p r i c e  would now apply d e l i v e r c A  duty-pa id  t o  
t h e i r  f ac to r y .  They o f  course, were de l igh ted ,  and imnediate ly  
he ld  f o r t h  a1.?ut t r i p 1  i n g  and q~ tadrup l ing  sales i n  a few years. 

We then, i n  assoc ia t ion  w i t h  our  h e r i c a n  p r i n c i p a l s ,  se t  
up a separate company t o  develop t h i s  i n t e r n a t i o n a l  market. With 
a nominal c a p i t a l i z a t i o n ,  t h i s  f i r m  cont racted w i t h  manufacturers 
t o  produce r e f i l l s  and j a r s  and ho ld  tliem i n  t h e i r  warehouse u n t i l  
i v s t r uc ted  t o  make d e l i v e r i e s  i n  accordance w i t h  orders  rece ived 
by the  j o i n t  venture company. Invo ices were then rendered by t h a t  
j o i n t  company t o  t h e  buyers a t  t he  p r i ces  p rev i ous l y  agreed upon. 
Eventua l ly  we arranged w i t h  t he  supp l ie rs  t o  accept orders  d i r e c t -  
l y  and invo ice  d i r e c t l y  t o  t h e  buyers, r e m i t t i n g  t o  us on l y  t he  
p r i c e  d i f f e r e n t i a l .  

The ne t  r e s u l t  o f  a1 1 these i nd i v i dua l  steps was: Ins tead of 
r ece i v i ng  a "normal" o r  "o rd inary "  r o y a l t y  o f  5iL on 15t o r  3/4C 
per br idge, t he  American 1 icensor  i s  now rece i v i ng  15$ r o y a l t y  per 
br idge p lus t h e  markup on t h2  r e f i l l s  and j a r s ,  which amount t o  a 
t o t a l  of 256 f o r  t h e  former and 4 4  f o r  the  l a t t e r ,  making a t o t a l  
per set  o f  296. Going back t o  our o r i g i n a l  premise t h a t  f i v e  
r e f i l l s  and f i v e  j a r s  a re  used w i t h  one br idge, t h i s  t o t a l  p r o f i t  
now amounts t o  $1.45 p lus  t he  15$ from the  b r idge  r o y a l t y ,  o r  
$1.60. 

Therefore ins tead o f  3/41# r o y a l t y  income per  p iece  through 
"ord inary"  l i cens ing  our h e r i c a n  c l i e n t s  a re  r s c e i v i n g  $1.60 
v i a  Max P. 

M r .  Max P as we c a l l  i t  i s  our shor t  form f o r  Maximum P r o f i t s .  

I n  t h i s  case i nvo l v i ng  Max P represents a 200 f o l d  increase 
i n  expected income through a combination o f  po l  i c i e s  i nvo l v i ng  
export  sales, 1 icensing, and j o i n t  o r  who1 l y  owned subsid- iary 
a c t i v i t i e s  i n  t he  i n t e r n a t i o n a l  market. A l l  t h ree  a c t i v i t i e s  
cannot bc divorced - one from the  ~ t h e r  - a11 theqe must be 
t o t a l l y  in tegra ted .  And, most impor tant ly ,  a master p lan  has t o  
be estab l ished BEFORE ally commitments a re  made. Too marly times 
i so l a ted  i n t e rna t i ona l  a c t i v i t i e s  a re  generated w i t h i n  a company 
w i th ,  i n  t he  end, a t r u l y  unworkable and f r equen t l y  unptsof i table 
conglomeration o f  s2parate and of ten con f l  i c t i n g  operat ions being 
conducted . 

So f a r  w i t h  t h i s  example. I would ; i ke  t o  add t h a t  
techniques o f  t h i s  s o r t  a re  no t  necessar i l y  app l i cab le  t o  a l l  
types o f  technology t r a n s f e r .  I a l s o  would l i k e  t o  po in t  out  t h a t  
a l l  through t h i s  exercise,  as you have seen, we d i d  no t  merely 
bestow a b e n e f i t  on our c l  i en t s ,  but  a1 so on t he  1 icensees by 



expanding t h e i r  oppo r t un i t i e s  and g i v i n g  them more va lue  f o r  l ess  
money. Na tu ra l l y ,  under d i f f e r e n t  circumstances the  de ta i  1  s a1 so 
w i l l  d i f f e r .  

To sumnarize: Max P can be introduced i n t o  i n t e r n a t i o n a l  
technology t r a n s f e r  by observing t he  f o l l ow ing :  

(1) E th i ca l  and open deal i ng  between the pa r t i es .  

( 2 )  Maximum knowledge o f  a l l  f a c t s  concerning t he  technology, the  
use o f  the technology, the market, compet i t ion,  pr ices,  and 
a1 t e rna t i ves .  

(3 )  A b i l  i t y  t o  coord inate exports,  service,  support a c t i v i t i e s ,  
1  icensing and cross 1 i cens ing . 

(4 )  I t  needs know1 edgeabl e  people, the  man o r  o rgan iza t ion  which 
puts  these f a c t o r s  together  and comes up w i t h  Max P. 

Too many times when cne t h i n k s  o f  technology t r a n s f e r  o r  
1  icens ing one considers on l y  t he  obvious s t r a i y  h t - forward agree- 
ment p rov id ing  a  r o y a l t y  r a te ,  minimums, and fees. And as w e l l  
w i t h  j o i n t  ventures o r  who1 l y  owned subs id ia r ies ,  one considers 
o n l y  t h a t  t h i s  requ i res  a  l a r g e  scale investment i n  p l a n t  and 
f a c i l i t i e s .  There iz  a  happy medium, where t - t h  r i s k  and i nves t -  
ment i n  p l a n t  and i a c i l  i t i e s  can be in in in ized and y e t  p r o f i t  
maximized. There a re  mar,y o ther  v a r i a t i o n s  o f  t h i s  t ype  which 
a re  ou ts ide  the  framework o f  t h i s  presentat ion.  Th is  exahlplt: i s  
merely t o  g i v e  a  ~ i a n c e  a t  some o f  the avcvues which a re  t o  
b e n e f i t  MORE -- from technology t r a n s f e r .  

I n  many places ou ts ide  the United States, American 
technolog ica l  prngress reaching around t h e  wor ld has been f 21  t 
as a  challenge. However, as you can see from my small 
presentat ion here, maximizing p r o f i t s  on i n t e rna t i ona l  technology 
t r a n s f e r  t ransact ions need no t  be an American p r i v i l e g e .  And 
d o n ' t  have any i l l u s i o n s ,  the  wor ld  i s  f u l l  o f  imaginat ive,  
d i l  i gen t  people. I n t e rna t i ona l  Technolosy Transfer  i s  becoming 
more e x c i t i n g  and p o t e r t i a l l y  more rewarding than ever before.  
But as t he  p o t e n t i a l  f o r  p r o f i t s  increases, so do t he  r i s k s .  
The same avenues arid combinations o f  e f f o r t  a re  a v a i l a b l e  t o  
ever:lbody else,  a i so  t o  be pkact iced i n  the  Uni ted Stirtes by 
Ncn-Atnericans - ?nd a re  being p rac t i ced  by t he  Germans, by t h e  
Japanese and many others  no t  on l y  i n  t h i s  country,  bu t  i v  
Aust ra l  i a ,  i n  A f r i ca  and wherever you go. Technology t r a n s f e r  i s  
an i n t e rna t i ona l  d11d maybe a  company necess i ty .  Whether i t  i s  
p r o f i t a b l e  o r  not depends on the  technology i t s e l f ,  the market 
cond i t i ons ,  researcti  and sd l  es e f f o r t s .  But .- HOW p r o f i t a b l e  
depends on t h e  p c o l ~ l r  who ktiow HOW TO . . . 



THE ENVIRONMENTAL PROTECTION AGENCY 
1:IDUSTRIAL TECHNOLOGY TRANSFER PROGRAH 

Kenne:h H. Suter 

I n  t h i s  paper I in tend  t o  present t he  need f o r  and use 
o f  an ac t i ve  ( technology) disseminat ion program by the  
Envi ronmental P ro tec t ion  Agency, address the complexi t ies 
associated w i t h  a r r i v i n g  a t  an acceptable s o l u t i o n  t o  an 
environmental problem, and exp la in  the  mechanisms and 
associated products used by t he  Technology Transfer  program 
t o  t ransfer  the l a t e s t  v i a b l e  technolog ica l  a1 t e r n a t i  ves 
t o  the po ten t i a l  user. 

The i n d u s t r i a l  Technology Transfer program was s t a r t e d  
approximately two years ago and was an outgrowth o f  an a l -  
ready very successful municipal  Techno1 ogy Transfer  program. 
The municipal  program go t  underway when i t  became apparent 
t h a t  a1 though m i  11 ions were be ing spent on research t o  de- 
velop e f f i c i e n t  comnlerical l y  ava i l ab l e  t reatment systems 
(e. g. phosphorus removal , carbon adsorpt ion,  oxygen aera- 
t i c n  , advanced upgrading techniques, e tc .  ) , these sys tems 
were no t  being w ide ly  considered f o r  use i n  n ,w Federa l ly  
funded municipal  p lan ts .  With l a r g e  sums o f  xoney sched- 
u led t o  be spent by the Federal government i n  t he  construc- 
t i o n  o f  waste t reatment f a c i l i t i e s ,  the re  ex i s t ed  t he  
p o s s i b i l i t y  of b u i l d i n g  con t ro l  systems t h a t  would be ob- 
s o l e t -  before completion. Since the  goal of t h j s  expend- 
i t u r e  was t o  he1 p c lean up our  r i v e r s ,  t h i s  cou ld  have 
meant t h a t  areas r e q u i r i n g  h igh  e f f i c iency  systems t o  e l -  
iminate p o l l u t i o n  problems would no t  have the con t ro l s  
avai l a b l e  t o  accompl i s h  t h i s  task.  

:Jhy weren ' t  these systems being considered when they 
were co rmerc ia l l y  avai 1 ab le? The answer i s  poor communica- 
t i on .  The message must reach the  user and be presented i n  
such a manner t h a t  he w i l l  adequately study the technology 
a1 te rna t i ves  as they r e l a t e  t o  h i s  s p e c i f i c  problem. 
Another way o f  expressing t h i s  i s  t h a t  any good idea i s  
worth less unless i t  reaches someone capable o f  implementing 
i t  and i s  presented i n  such a manner as t o  mot ivate  a 
thorough examination of the idea. This need therefore re- 
qui red a new approach t o  in format ion disseminat ion.  

I n  order t o  de f ine  Technology Transfer as i t  app l ies  
t o  the Environniental P ro tec t ion  Agency we must f i r s t  com- 
pare i t  w i t h  general in format ion disseminat ion which i s  
avai 1 ab le  throughout many o f  the  Uni ted States Governmental 
agencies. Informat ion dissemination, as i t  i s  genera l l y  
appl ied,  i s  the passive disseminat ion o f  i n fo rmat ion  w i t h  



minimal a t ten t i cn  given t o  t h t  ?sign o f  the i n f o r m a t i o n  
output o r  the mechanisms by which i t  i s  t o  be disseminated 
t o  the users. !n contrast,  the inv i ronmet~ta l  P r o t e c t i ~ n  
Agency's Technology Transfe, program uses ac t i ve  d i  ssemi n- 
a t i on  o f  i n f o m t i m ,  which i s  ca re fu l l y  designed f o r  the 
speci f ic  users and t ransferred by mechmisms which are de- 
signed t o  impact the decision n~ak i rg  process of these po- 
t e n t i a l  users. Both the passive and ac t i ve  information 
systems are needed i n  a in format ion system. The need of 
l oca t i ng  and ge t t i ng  the developed i t~ fo rmat ion  t o  a poten- 
t i a l  user and the need t o  motivate the po ten t i a l  user t d  

examine the information, determines which system o r  cumbi n- 
a t i on  of systems should be dsed. I n  a passive information 
system the po ten t i a l  user must use h i s  own i n i t i a t i v e  t o  
loca te  the top i c  of i n te res t ,  and determine i t s  appl i ca-  
b i l i t y  t o  h i s  p a r t i c u l a r  need. Both systems can be used 
e f f e c t i v e l y  together when the need and app l ica t ion  area 
are determined. As an example,in the environmental area 
hundreds o f  useful  de ta i led  research repor ts  are publ ished 
on new waste treatment techniques aqd mdde ada i lab le  
through +he United States Government P r i n t i n  Office o r  the 9 National Technical Information Service (NTIS, a t  a modest 
fee (passive information).  These are usefu l  if the poten- 
t i a l  user could locate the proper paper and be convinced 
tha t  the research repo r t  t r u l y  included a treatment system 
tha t  could be immediately i n s t a l  l e d  ard e f fec t i ve l y  operat- 
ed. One of the mechanisms used by the Technology Transfer 
I ndus t r i a l  program t o  br idge t h i s  gap between the research 
repor t  and the po tent ia l  ucer i s  a Technology Capsule 
Report. These 12 page reports are designed t o  present a 
spec i f i c  successful p ro jec t  i n  such a manner ( i .e .  descri-  
bes the signif icance, operat ing e f f i c iency ,  economics, 
areas o f  app l ica t ion)  t ha t  the po tent ia l  user w i  11 have 
enough information t o  decide whether t o  take the next step 
o f  ordering the detai  1 ed research repor t  and/or contact ing 
a consultant. 

The program's primary funct ion, therefore, i s  t o  
br idge the gap between newly emerging technology and f u l l -  
scale use through spec i f i ca l l y  designed t rans fer  mechan- 
isms which disseminate a s u f f i c i e n t  amount o f  information 
for  the appropriate user t o  evaluate the spec i f i c  technol- 
ogy ' s appl i cabi 1 i t y  t o  h i  s problem. Our ta rge t  audiences 
have been c ~ n s u l  t i n g  engineers ; municipl e, i n d u s t r i a l  and 
s ta te  design engineers; c i t y  managers ; d i rec tors  o f  publ i c  
works ; i n d u s t r i a l  managers; and others exer t ing influence 
over the design and construct ion o f  a l l  p o l l u t i o n  contro l  
and abatement fac i  1 i t i e s .  



Before I discuss the p resen t l y  a v a i l  ab le  I n d u s t r i a l  
Technology Transfer informat ion and the  mechanisms used t o  
t rans fe r  t h i s  informat ion, I f e e l  some time spent on under- 
standing the many var iab les associated w i t h  a r r i v i n g  a t  an 
adequate s o l u t i o n  ~ o u l d  be warranted. A b e t t e r  understand- 
i n g  o f  these complex problems should he lp  us, and indust ry ,  
understand the r e a l  t r ans fe r  needs, thus he lp ing  us t o  
b e t t e r  i d e n t i f y  the needed pol  1  u t i o n  con t ro l  app l i ca t ions  
m i  t i g a t i n g  unwarranted t r ans fe r  a c t i v i t i e s .  

There are two important f ac to r s  t h a t  should be con- 
s idered before se lec t i ng  p o l l u t i o n  con t ro l  equipment: 1 )  
the environmental laws t h a t  could impact the p o l l u t i o n  
source, and 2) the many technica l  va r iab les  associated w i t h  
maximizing your  treatment e f f i c i e n c y  t o  cos t  r e l a t i onsh ips .  

F i r s t ,  i t  should be rea l i zed  t h a t  t h e i r  a re  now env i r -  
onmental laws (Federal, state,  and l o c a l )  t h a t  r e s t r i c t  the  
amount o f  po l l u tan t s  which can be emi t ted t o  the atmosphere, 
o r  discharged t o  r ece i v i ng  streams, and spec i f y  i n  what 
manner waste mater ia l  w i  11 be disposed. To minimize 
p o t e n t i a l  problem areas when evaluat ing what course of 
ac t i on  t o  take i n  con t ro l1  i n g  discharges t o  meet these laws, 
a l l  parameters should be studied. Three t y p i c a l  areas t h a t  
could be addressed i n  such an evaluat ion inc lude:  (1 )  
would change i n  manufacturing processes be the best  so l  u- 
t i o n  when consider ing a1 1 the environmental impacts and 
costs f o r  con t ro l  equipment; ( 2 )  should more emphasis be 
g iven t o  segregation and recyc le  of process waste streams 
t o  reduce the quan t i t y  o f  waste mater ia l ;  and (3)  w i l l  the 
con t ro l  device ser ious ly  e f f e c t  o ther  areas o f  the environ- 
ment. 

I t  i s  r e a l i z e d  t h a t  such idea l  approaches t o  evaluat-  
i n g  a l l  p o l l u t i o n  problems a t  once are no t  always poss ib le  
due t o  the p r i o r i t i e s  of environniental concern, funds a v a i l -  
able, and t ime af forded t o  a r r i v e  a t  so lu t ions.  However, 
when studying one p o l l u t i o n  problem o f  a  process, a t  l e a s t  
def ine the o ther  parameters and keep t h e i r  i n t e r a c t i o n  i n  
mind. This w i l l  a l l ow f o r  a  progressive coordinated e f f o r t  
toward minimizing the other  p o l l u t i o n  problems when i t  
comes t ime fo r  t h e i r  eva luat ion and w i l l  a1 low f o r  less 
chance o f  tak ing  an improper step when the t o t a l  environ- 
mental impact i s  assessed. As an example, r e a l i z e  t h a t  an 
a i r  s c ~ u b b e r  can generate water p o l l u t i o n  and waste d i s -  
posal problems. Therefore, know the extent  o f  problems 
such as these when you make the se lec t i on  of what type o f  
con t ro l  device t o  use. 



The second impor tant  cons idera t ion  a f t e r  addressing 
a l l  your p o t e n t i a l  p o l l u t i o n  problem areas and the  laws 
governing t h e i r  con t ro l  i s  t o  r e a l i z e  t h a t  waste t reatment 
i s  no t  synonymous w i t h  po l  l u t i o n  con t ro l .  Waste treatment, 
c o l l e c t i n g  the contaminant f rom the waste stream, i s  on l y  
one p a r t  o f  p o l l u t i o n  con t ro l .  Waste t reatment i s  the  
f i n a l  s tep taken a f t e r  a1 1 process con t ro l  a1 t e rna t i ves  
have been invest igated.  F i r s t  t r y  t o  maximize the  
mate r ia l s  recovery t o  minimize your  waste t reatment needs. 

The bes t  way t o  minimize the  waste t reatment cos t  i s  
t o  minimize water and a i r  f lows. Treatnent equipment w i l l  
have a much lower  cos t  per pound o f  p o l l u t a n t  removed if 
the p o l l u t a n t  i s  i n  a  concentrated form. The more f l o w  t o  
the  t reatment equipment, the more expensive i t  i s  going t o  
be t o  meet t he  discharge standard. The h i g h l y  concentrated 
stream w i t h  low f l o w  r a t e  i s  normal ly more e a s i l y  handled 
then the h igh f l o w  a t  low concentrat ions.  

I n  a d d i t i o n  t o  min imiz ing f lows,  i n  the  case o f  water, 
you should t r y  r ecyc l i ng  and reuse. Reuse o f  water re -  
qu i res  t h a t  before d iscard ing  any water t o  a  stream and 
t ak i ng  i n  fresh water, check t o  see i f  t h a t  water i s  of 
s u f f i c i e n t  q u a l i t y  t o  be used anywhere i n  the process. The 
u l t i m a t e  case, o f  course, i s  the  t o t a l  recyc le  o f  water 
w i t h i n  your f a c i l i t y .  This puts  you ou t  of the r e g u l a r t o r y  
agency's realm. The company t h a t  t r e a t s  i t s  water and re -  
cycles i t  doesn ' t  have t o  worry about stream standards. 
It on ly  has t o  worry about t r e a t i n g  t h e i r  water t o  a  p o i n t  
s u i t a b l e  f o r  use i n  i t s  own process. Th is  i s  considered a 
nonpract ica l  concept by many people, b u t  the re  are p l an t s  
approachi ng t h i s  now. 

I n  a i r ,  t o  maximize the  concent ra t ion o f  po l l u t an t s ,  
the capture system (Hoods) are designed i n  such a manner as 
t o  minimize the amount of a i r  requ i red  t o  capture the  po l -  
l u t a n t s  generated by the source. Subs t i t u t i on ,  such as 
tak ing  s u l f u r  ou t  o f  the f u e l  p r i o r  t o  burning o r  changing 
t o  a  less  p o l l u t i n g  process a re  a lso  ways o f  min imiz ing 
the  p o l l u t a n t s  generated by the source. 

Many i ndus t r i es  i n  the past  mixed waste st,reams con- 
t a i n i n g  very low concentrat ions o f  p o l l u t a n t s  w i t h  streams 
con ta in ing  very h i gh  concentrat ions.  The p r i n c i p l e  t o  
apply here i s  t h a t  o f  segregat ing wastes. Those wastes 
t h a t  requ i re  a  h i gh  degree treatment should be i s01  ated 
from those which r e q u i r e  a  low degree o f  t reatment.  



From the above discussion i t  should be apparent t h a t  
the se lec t i on  of a con t ro l  device invo lves the c lose ex- 
amination of many o ther  var iab les.  It should a l so  be noted 
t h a t  fo r  the Technology Transfer program t o  on ly  address 
the con t ro l  aspects w i thou t  he lp ing  the  users look i n t o  
c o n t r o l l i n g  these other  var iab les  would on ly  perpe t ra te  the 
economic problem magnified by the s e l e c t i o n  of an improper 
con t ro l  device. The Technology Transfer pmgrani 's main 
goal i s  t o  t rans fe r  the l a t e s t  v i a b l e  technology t o  the 
po ten t i a l  users. I f  t h i s  i s  done i n  a manner t h a t  a l s o  
helps the source look a t  a l l  a l t e r n a t i v e s  o f  con t ro l ,  we 
w i l l  a l l  be working i n  the most e f f i c i e n t  manner t o  c lean 
up the er~vironment. 

The l a s t  area of discussion i s  t o  l e t  you know the i n -  
format ion avai  1 ab le  through the I n d u s t r i a l  Technology 
Transfer program and the  mechanisms we use t o  a t t m p t  t o  
e f f e c t i v e l y  meet Indus t r ies  needs. Due t o  the l i m i t e d  re-  
sources ava i l ab le  f o r  Technolocjy Transfer these needs must 
be c l ose l y  evaluated so t h a t  resources a re  app l ied  t o  those 
mechanisms used and the in fo rmat ion  ava i l ab le  through the 
mechanism: 

INDUSTRIAL SEMINARS 

The i ndus t r i  a1 seminars are developed t o  fanii 1 i a r i  ze 
p l a n t  managers and t h e i  r engineer ing and opera t ion  s ta f f s  
w i t h  the a v a i l a b i l i t y  and r e l a t i v e  advantages of the 
a1 t e r n a t i  ve proven techno1 ogies f o r  t h e i r  i ndus t ry .  The 
t a rge t  i ndus t r i es  f o r  these seminars are those i ndus t r i es  
character ized by 1 arge numbers o f  small manufacturers w i t h  
1 im i  t ed  a c c e s s i b i l i t y  t o  h i g h l y  technica l  s t a f f  personnel. 
The t op i cs  inc luded i n  the i n d u s t r i  a1 seminars are:  

Leg i s l a t i ve  Status 
In-Process Pol l u t i o n  Abatement 
Waste Treatment Techno1 ogy 
St ra teg ies o f  Financing 

The i n d u s t r i a l  categor ies presented thus f a r  inc lude:  

Metal F in ish ing  
Pou l t ry  Processing 
Meat Packing 
Dairy Products 
Text i  1 e Products 
Seafood Processi ng 
Wastewater Moni t o r i  ng 



SEMINAR PUBLICATIONS 

Seminar pub1 ica t ions  covering de ta i led  in format ion pre- 
sented a t  the seminars are published and braodly d i s t r i b u t e d  
t o  the engineering and i n d u s t r i  a1 comnuni t i e s .  Publ i ca t i ons  
t o  date include: 

Metal P la t i ng  
Meat Packing 
Pou l t ry  
Text i  l e  

POLLUTION CONTROL PROCESS MANUALS 

Po1 1 u t i  on contro l  process mar~ual s are being devel oped 
f o r  the Power, Pulp and Paper, and T e x t i l e  industr ies.  
Their  manuals are intended f o r  use by process design 
engineers, consultants and engineering companies. They 
w i l l  address the l a t e s t  technologies r e l a t i n g  t o  spec i f i c  
industr ies on in -p lan t  changes, contro l  equipment and 
measurement techniques developed by the Environmental 
Protect ion Agency o r  p r i va te  industry.  

TECHNICAL CAPSULE REPORTS 

Technical Capsule Reports describing s p e c i f i c  indus- 
tri a1 p o l l u t i o n  contro l  demonstration pro jects.  The objec- 
t i v e  of these publ icat ions i s  the quick, widespread, easy- 
to-understand presentat ion o f  the essent ial  information 
developed i n  s i g n i f i c a n t  i n d u s t r i a l  p o l l u t i o n  cont ro l  f u l l  
scale demonstration pro jects.  The repor ts  describe manu- 
factur ing process changes, waste treatment f a c i l  i t i e s ,  
comparison o f  waste charac ter is t i cs  before and a f t e r  pro- 
cess and waste treatment changes, and re levant  cost inform- 
a t ion  f o r  the projects. The primary audience f o r  these 
reports are the technical managers i n  indus t r ies  where the 
demonstration pro jec ts  have appl i ca t i on .  Publ i ca t ions  t o  
date include: 

"Recycling Zinc i n  Viscose Rayon Plants" 
"Color Removal from Kra f t  Pulping Eff luent 

by Lime Addit ion" 
"Po l lu t ion  Abatement i n  a Copper Wire M i l l "  
"1st  In te r im Report on EPA A1 kal  i SO2 

Scrubbing Test Faci 1 i t y "  
"Dry Caustic Peeling o f  Peaches" 
"Po l lu t ion  Abatement i n  a Brewery" 



Handbooks 

Handbooks are issued t o  cover non-design techn ica l  
sub ject  areas i n  p o l l u t i o n  con t ro l  such as mon i to r ing  and 
labora to ry  procedure and operat ions.  The o b j e c t i v e  o f  the 
handbooks i s  t o  ma in ta in  and i nsu re  the v a l i d i t y  and con- 
s is tency of a i r  and water samples taken, analyzed, and re-  
ported. pub l i ca t i ons  t o  date inc lude:  

Moni tor ing I n d u s t r i a l  Waste Water 
Ana l y t i ca l  Q u a l i t y  Control  

Professional  Organizat ion P a r t i c i p a t i o n  

The Technology Transfer  Program from i t s  i ncep t i on  has 
been invo lved  w i  t h  the  profess ional  organizat ions repre-  
sent ing the  users o f  environmental p o l l u t i o n  con t ro l  
technologies. Th is  r e l a t i o n s h i p  i s :  t o  fami 1 i a r i z e  l a r g e  
na t iona l  pro fess ional  gather ings w i t h  the program and t h e i r  
a c t i v i t i e s ;  t o  a s s i s t  i n  suppor t ing na t iona l  i n t r o d u c t i o n  o f  
major new pub l i ca t ions ;  and t o  insure  support  o f  new technol -  
ogy evol  v i  ng from CPA research and demonstration programs. 

I n  add i t i on  t o  Technology Transfer personnel p a r t i c i -  
pa t i ng  i n  many profess ional  organi  za t i on  technica l  com- 
m i  t tees  , the  Program a1 so p a r t i  c i  pates i n major conferences 
w i t h  e x h i b i t s  and program mate r ia l .  These organizat ions 
inc lude:  

Water P o l l u t i o n  Control  Federat ion 
American Pub1 i c Works Assoc ia t ion 
American I n s t i t u t e  of Chemical Engineers 
Ameri can Society o f  C i v i  1 Engineers 
Consul t i  ng Engineers Counci 1 
Water and gastewater Equipment Manufacturers 

Associat ion 
A i r  P o l l u t i o n  Control  Assoc ia t ion 
American Society o f  Mechanical Engineers 

NEWSLETTERS 

Newsletters are icsued q u a r t e r l y  and are intended t o  
keep i n t e res ted  p a r t i e s  informed of program dc t i v i  t i e s  and 
promising EPA research and demonstration p ro j ec t s .  The 
newslet ter  a lso i s  the mechanism fo r  adve r t i s i ng  and re -  
quest ing Technology Transfer  mate r ia l s .  There i s  a s e l f -  
addressed order  form a t  the back o f  the newslet ter  1 i s t i n g  
a l l  o f  the ava i l ab l e  ~ a t e r i a l s .  



I hope t h a t  t h i s  paper has g iven you some idea o f  t he  
Envi ronmental P ro tec t  i o n  Agency' s Techno1 ogy Transfer 
Program and the  many parameters t h a t  must be considered i n  
the  s o l u t i o n  o f  an environmental problem. 

Other areas of concern t h a t  a re  adding t o  the  v a r i  
ables associated w i t h  having a successful process opera t ion  
a re  energy u t i l i z a t i o n ,  i nc reas ing  costs and d i f f i c u l t y  of 
g e t t i n g  raw mater i  a1 s , and having avai 1 ab le  usable water 
resources. Process changes t h a t  so lve problems i n  these 
areas could  open up new oppo r t un i t i e s  t o  minimize t h e  d i s -  
charge of wastes i n t o  the environment. The need f o r  a 
systems approach, keeping a1 1 the p rev ious ly  mentioned 
var iab les '  i n t e r - a c t i o n  i n  mind w i l l  chal  lenge engineers t o  
d iscover  new process design techniques t o  maximize opera- 
t i n g  performance. This w i l l  increase the  need t o  ge t  t he  
l a t e s t  changes o u t  t o  the p o t e n t i a l  users so t h a t  they can 
evaluate a1 1 a1 t e rna t i ves  before se l ec t i ng  which course of  
ac t i on  t o  take. The chal lenge i s  before us t o  g e t  t he  
1 a t e s t  successful technolog ica l  developments t o  the users 
i n  an e f f e c t i v e  manner. The Environmental P r c tec t i on  
Agency's Technology Transfer  Program i s  a t tempt ing t o  meet 
the  chal  1 enge. 
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TAC is one of six NASA industrial application centers 
originally established to disseminate NASA technology to pri- 
vate industry on a regional basis. Located at the University 
of New Mexico, TAC has been in business nine years serving the 
region west of the Mississippi except for the West Coast states. 
Given the requirement by NASA to charge a fee for our services, 
TAC quickly became market oriented, and, in responding to the 
needs of the ~arket place, has grown in several ways. First, 
we expanded our information dissemination capability to include 
all technology, not just NASA.'s and in the last two years we have 
developed a total information center capability including infor- 
mation services in the social, business, and economics areas. 
Secondly, TAC has broadened the user communities it serves 
which now, in addition to the industrial sector, also includes 
state and local governments, universitites, and even federal 
agencies. Third, TAC has added a number of technology transfer 
methods to the information dissemination approach initially used, 
and through this process has specialized in several areas of 
technology. Today TAC consists of a full-service Information 
Center and fiveprograms, which are: 

Our Industrial Program 

The Energy Information Center 

The Business and Industry Extension Program 

The Remote Sensing Program 

The Center for Environmental Research & 
Development 

To address these programs briefly, let me begin with the 
Information Center which is the operational hub of TAC and as 
such provides support for all TAC programs. It also operates 
two other projects. One of these is a joint TAC/University of 
New Mexico Library program which provides a computerized 
literature search service to faculty members. An experimental 
program last year, this service has been so well received that 
it has been renewed for this year. It is largely due to the 
library program that TAC acquired the broad information bases 
and sources which go far beyond those in the physical and 
engineering sciences tradi,cionally searched. 

The Industrial Program serves the industrial community in 
TAC1s region which includes Houston, and also numerous other users 
of technology including state and local governments. This is TAC1s 
oldest program and the one in which the most significant changes 
have taken place over the years. Today our clients frequently 



ask for evaluation and consultation beyond the initial identi- 
fication and citing of published information. TAC welcomes 
these occasions because they offer the opportunity to become 
more deeply involved in 2ur basic mission, that of transferrine 
technology, particularly NASA technology, into beneficial use. 

The Energy Information Center program is a joint effort 
with University of New Mexico's School of Engineering, brought 
into being to provide energy information and research services 
to a wide audience. Its fjrst comprehensive survey of energy 
technology--covering hydrogen as an energy source--was published 
in January of this year, and is being marketed nationally. Work 
is now almost completed on a similar survey of solar energy 
technology. In addition, the Energy Informatior. Center has two 
proposals under cons'deration for funding by the new New Mexico 
Energy Research Program. The first of these proposals is 
intended to develop a profile of energy users and consumption 
in New Mexico, and to assess the potential for both interim 
and longer-range energy conservation r 2thods which might be 
instituted. The second proposes to provide information search 
services to all participants in this research program, as well 
as providing energy information services to the Governor's 
Energy Task Force. Another project of considerable significance 
involves a number of state-of-the-art reviews on energy-related 
subjects being prepared for the NASA Lewis Research Center in 
Cleveland. Among the areas of interest to Lewis arc: 

Solar Heating and Cooling of Buildings 

Wind Energy 

Energy Storage Mechanisms 

Turbine Technology 

Deep Coal Technology 

The Business and Industry Extension Program is a new program 
funded by an appropriation from the New Mexico State Legislature. 
Its general objective is to achieve a level of dissemination and 
application of technical and scientific knowledge that will aid 
in a general and orderly expansion of the New Mexico economy- 
Oriented toward small business, the Extension Program pursues 
this goal by encouraging use of already developed technology 
which appears promising for New Mexico use; by promoting use of 
new technology that will aid existing industry to become more 
efficient and competitive; and, by encouraging development of 
industrial activity appropriate to needs of the State. 



Our Remote Sensing Program is involved in all phases of 
earth resources survey technology, with particular emphasis on 
the application of this t.echnology by the state government 
community. A significant study for the NASA Office of 
Applications w7.s made last summer of the potential of remote 
sensing to iespond to the needs and problems of state govern- 
ment agencies in the areas of natural resource management and 
land-use planning. Another study dealt with the application 
of ERTS imagery to geologic mapping aild exploration in New 
Mexico. And, recently, at the req~est of the Land Use Advisory 
Council of the New Mexico State Legislature, TAC conducted a 
joint program with New Pexico State University in which the 
structure of a computer-based land-use inventory and mapping 
system for New Mexico Was explored and an initial inventory 
system design project proposed. 

TAC is also a designated representative of NASA for the 
dissemination, nationally and internationally, of earth-oriented 
space photography from Gemini and Apollo flights, and from 
Skylab. 

The final TAC program is the Center for Environmental 
Research and Development. This program has a broad interest 
in natural resource management, environmental design, and land- 
use planning, and has participatsd with the Remote Sensing Program 
in both the State-Needs Study and the Land-Use Advisory Council 
Study. This Center has considerable experience both in environ- 
mental impact studies for industry and in regional environmentc7,1 
programs such as those sponsored by the Eisenhower Foundation. 
Another major effort of the Center is a comprehensive survey of 
land-use planning information which is scheduled for national 
publication in the near future. 

The Environmental Center is currently conducting for the 
New Mexico land Use Advisory Council a survey of the land-use 
inventory data needs of the State and is also participating ir 
a statewide water-use study and developing a mral land-use 
planning manual. 

As mentioned earli?r, TAC uses a number of technology 
transfer methods in its service to users. Since we deal with 
industry on a strictly proprietary basis, the benefits derived 
from the transfer activity are not always available for public 
disclosure. Nevertheless, I would like to describe for you 
some of the methods used to illustrate the srope of our program, 
particularly as it applies to the industrial organiz~tion. 

First is information dissemination. TAC is a total 
information center now tapping over 40 computerized information 
sources covering the full range d f  physical and social sciences. 
In addition, these sources arc supplemented as appropriate by 



md!lual s c a r c t ~ i n g  a t  l i t r a r i c s  and p e r s o n a l  r:o~i t a c t s  w i t h  know- 
L ~ : d q ~ : ; ~ h l o  i n d i  v i d u a l s .  Tnformat ion  s e r v i c e s  a r c  of two k i n d s :  
p r o p r i e t a r y  p e r s o n a l i z e d  s e a r c h e s  f o r  a n  i n d i v i d u a l  o r  f i r m ,  
and comprehens ive  l i t e r a t u r e  r e v i e w s  i n t e n d e d  f o r  p u b l i c a t i o n  
and mass s a l e .  A t  o n e  l eve l  p e r s o n a l i z e d  s e a r c h e s  p r o v i d e  
a n s w e r s  t o  s h o r t  q u e s t i o n s  l i k e  "Where c a n  I f i n d  a  s u p p l i e r  
f o r  c o p p e r  co i l  wire wc:st  o f  t h e  M i s s i s s i p p i ? "  o r  "How c a n  I 
set up a n  A f f i r m a t i v e  A c t i o n  Employment Program f o r  my f i r c . ? "  
A t  a n o t h e r  l e v e l ,  w e  p r o v i d e  s t a t e - o f - t h e - a r t  s e a r c h e s  on 
s p e c i f i c  s u b j e c t s  t o  back  up I n d u s t r i a l  r e s e a r c h  p r o j e c t s .  
Such s e a r c h e s  answer  q u e s t i o n s  l i k e  "What i s  t h e  s t a t e  o f  
knowledge on t h e  e f f e c t s  o f  a l p h a  r a d i a t i o n  on i n t e g r a t e d  
c i r c u i t  o p e r a t i o n ? "  o r  "Where do  we s t a n d  i n  t h e  d e v e l ~ p m e n t  
o f  s o l a r  c o l l e c t o r  t e c h n o l o g y  f o r  h e a t i n g  and  c o o l i n g  o f  
b u i l d i n g s ? "  Comprehensive  l i t e r a t u r e  r e v i e w s  i n t e n d e d  f o r  
p u b l i c a t i o n  a n d  m u l t i p l e  s a l e  u s u a l l y  c o v e r  z b r o a d e r  a r e a  o f  
t e c h n o l o g y  which h a s  n a t i o n a l  i n t e r e s t  o r  i s  o f  i n t e r e s t  
t o  a  s p e c i f i c  segment  o f  ocr i n d u s t r i a l  c l i e n t e l e .  T y p i c a l  
of  t h e s e  a r e  "Hydrogen,"  a s u r v e y  o f  t h e  l i t e r a t u r e  on hydrogen  
a s  a n  e n e r g y  s o u r c e  and e n e r g y  c a r r i e r ,  o r  p o s s i b l y  o f  more 
i n t e r e s t  t o  t h e  Houston a r e a ,  a  work w e  have  done  o n  "Well 
d r i l l i n g  F l u i d s . "  I n  a l l  o f  t h e s e  a r e a s  TAC p r o v i d e s  b o t h  a 
back s e a r c h  o r  r e t r o s p s c t i v e  s e a r c h ,  and  a n  u p d a t i n g  o r  c u r r e n t  
a w a r e n e s s  service,  t h e  l a t t e r  o n  e i t h e r  a  month ly  o r  q u a r t e r l y  
b a s i s .  

Al though i n f o r m a t i o n  d i s s e m i n a t i o n  i s  a n  e f f e c t i v e  means 
f o r  d i s p e n s i n g  knowledge,  p a r t i c u l a r l y  t h r o u g h  a  p e r s o n a l i z e d  
program l i k e  TAC's, it may n o t  b e  t h e  most  e f f e c t i v e  way t o  
d i r e c t l y  t r a n s f e r  t e c h n o l o g y .  W e ,  l i k e  most  p e o p l e  i n  
t e c h n o l o g y  t r a n s f c : r ,  nave  found it i s  t h r o u q h  ~ e o p l e  t h a t  
t e c h n o l o g y  t r a n s f e r  o c c u r s ,  and  w e  u s e  a  number o f  a p p r o a c h e s  
t h a t  a r e  p e o p l e  o r i e n t e d .  F i r s t  a r e  s h o r t  c o u r s e s  and s e m i n a r s - -  
t h c s c  p r o v i d e  a n  open forum f o r  f a c e - t o - f a c e  e x c h a ~ ~ q e  b e t w ~ e n  
t h o s e  who know t h e  t e c h n o l o g y  and t h o s e  who want  t o  l e a r n  a b o u t  
i t .  Our Heat  P i p e  S h o r t  C o u r s e  i s  a good example  o f  t h i s .  
Now g o i n g  i n t o  i t s  s e v e n t h  y e a r ,  t h i s  a n n u a l  e v e n t ,  t o q e t h e r  
-dit!i t h e  c m t i n u i n g  i n f o r m a t i o n  s u p p o r t  p r o v i d e d  p a r t i c i p a n t s ,  
h a s  l e d  t o  a number o f  d i r e c t  t r a n s f e r s  i n c l u d i n g  a d e v i c e  
f o r  t a p p i n g  w a s t e  h e a t  from house  f l u e s  and  a  d e v i c e  t~ k e e p  
e n g i n e  o i l  c o o i .  Another  e f f o r t  of t h i s  t y p e - - o r i e n t e d  
toward t h e  p u b l i c  s e c t o r - - w a s  a  symposium on t h e  u t i l i z a t i o n  
o f  w a s t e  g l a s s .  Sponsored  j o i n t l y  w i t h  t h c  G l a s s  C o n t a i n e r s  
M a n u f a c t u r e r  I n s t i t u t e  t h i s  s y m p ~ s i u m  i n c l u d e d  t h e  economics  
a s  w e l l  a s  t h e  t e c h n o l o g y  o f  a  v a r i e t y  o f  s e c o n d a r y  u s e s  f o r  
w a s t e  g l a s s .  

An a d d i t i o n a l  p e o p l e - o r i e n t e d - t r a n s f e r - a p p r o a c h  i s  TAC's 
a b i l i t y  t o  l i n k  up i n d u s t r i a l  f i r m s  d i r e c t l y  w i t h  NASA r e s e a r c h  
c e n t e r s  and t h e i r  t e c h n o l o g i s t s .  A I -eccnt  example  i n v o l v e d  t h e  
Alaskan  Pipeline-: which Butch V o r i s  ment ioned .  The Alyeska  
P i p c l i n e  S e r v i c e  Company p l a n s  t o  u s e  h e a t  p i p e s  t o  s t a b i l i z e  
t h e  permafrost a l o n g  c e r t a i n  s e c t i o n s  o f  t h e  p i p e l i n e ,  and 
was i n t e r r s t e d  i n  h a v i n q  o u t s i d e  e x p e r t s  r e v i e w  t h e i r  d e s i g n  
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evaluation program for the heat pipes. The Goddard Space Flight 
Center of NASA, which for years had been qualifying heat pipes 
for use in satellites, was willing to provide this independent 
review. However, since this involved significant time on the 
part of the Goddard people it had to be done on a cost reimburse- 
ment basis, and TAC provided the conduit through which the 
interaction between iridustry and a NASA Center took place--I con- 
sider this to be an effective transfer mechanism and would like 
to see its use expanded. 

Still another example of TAC bringing people together 
involved a small manufacturing firm which was experiencing stvere 
nroblems in laying up fiberglass, a process which iiL~olves a high 
degree of operator skill and experience, and on which limited 
published information was available. In this case TAC was able 
to find a skilled person in another local and noncompeting firm 
who was lent to the firm with the problem until a resolution 
was achieved. 

A final transfer approach is to actually demonstrate the 
application of a technology by doing. As I mentioned earlier, 
the Information Center of TAC is demonstrating the application 
of NASA's information retrieval technology to the State Library 
of New Mexico. This project involves using a Hewlett Packard 
9830 calculator as a mini-computer for automaticg the New 
Mexico State Library alony the pioneering concepts that NASA 
developed for its own internal information and retrieval needs. 
I mentian this here hecause it looks like the mini-computer 
approach, coupled with NASA information retrieval concept, 
could be a cost effective way of automating industrial libraries. 

TAC also is engaged in a number of application demonstration 
projects relating to remote sensing, and this approach is fast 
proving to be an effective means of achieving technology transfer. 

To summarize in a very few words, TAC, over nine years, has 
tried to help others find beneficial uses for new technology 
through both information and people oriented approaches, and I 
hope that tbe examples recounted here have been of interest to 
you. However, 1 don't want to close by telling you that we've 
got some technology and you ought to be using it ...y ou will hear 
a lot about specific technologies at this conferc ce. I would 
hope to leave you with the thought that when you do have a need 
to know something beyond your internal limits, you will check 
with us. TAC might just be able to save  yo^ time, money, and 
an ulcer or two through one of the technology transfer processes 
I ' ve been discussing. 





TRANSFER OF SPACE TECHNOLOGY TO INDUSTRY 

J e f f r e y  T. Hamilton 

Technology t rans fe r  i s  no t  a new phenomena. Many o f  you, who have 
been respons ib le  f o r  d e l i v e r i n g  new o r  improved products t o  the  market 
based on innovat ions generated from outs ide your  f i rm,  have engaged i n  
technology t r a n s f e r  as we view it. I n  f ac t ,  i n  a recen t  review o f  t he  
Government's e f f o r t s  i n  technology t r a n s f e r  a Nat iona l  Academy o f  
Engineering panel descr ibed i t  as " the  process o f  co l  l e c t i o n ,  documenta- 
t i o n ,  and successful d isseminat ion o f  s c i e n t i f i c  and techn ica l  informa- 
t i o n  t o  a rece ive r  through a number o f  mechanisms, both formal and i n -  
formal, passive and ac t i ve" .  I might add t h a t  i n  our  experience a 
dedicated user i s  a l s o  requ i red  if any technology i s  t o  t r ans fe r .  

I n  our re1 a t i  ve l y  f r e e  consumer-dri ven economy, e x i s t i n g  research 
knowledge gets t r ans la ted  i n t o  use fu l  products o r  processes i f  i t can 
cu t  costs o r  improve p r o f i t a b i l i t y .  Th is  i s  a t e s t  t h a t  must always be 
made and a perspect ive t h a t  government technol  ogy t r a n s f e r  e f f o r t s  
should mainta in  i f  they hope t o  be e f f e c t i v e .  I suspect t h a t  most o f  
the 300,000 manufacturers w i t h  no R&D c a p a b i l i t y ,  as we l l  as1 1,000 com- 
panies w i t h  some formal R&D engage i n  technology t r a n s f e r  t o  remain inno- 
va t i ve  and compet i t ive .  This t r a n s f e r  a c t i v i t y  takes p lace i n  very t r a -  
d i t i o n a l  ways. For example, your  design engineers read an a r t i c l e  concern- 
i n g  an innovati011 i n  one o f  the t rade jou rna ls  t h a t  becomes incorporated 
i n t o  your product 1 i n e  through corporate product  improvement a c t i  v i  t y  and 
technology i s  t ransfer red.  I would be pleased i f  the innova t ion  happens 
t o  be one o f  the  over 5,000 t h a t  we have pub1 i shed  i n  NASA's Technology 
U t i  1 i z a t i o n  Program. When your  p l a n t  manager requ i res  assistance w i t h  a 
product ion problem and adapts a recommended s o l u t i o n  from the  publ ished 
technica l  1 i t e r a t u r e  by a technica l  consul tant ,  technology i s  a1 so 
t ransfer red.  I hope t h a t  the p l a n t  manager u t i l i z e d  t he  serv ices o f  our  
Six Regional I n d u s t r i a l  App l i ca t ions  Centers t o  f i n d  the  s p e c i f i c  
reference. M r .  W i  11 iam Shinnick, t he  D i r e c t o r  o f  the  Technology Appl i ca- 
t i o n  Center (TAC), operated by the Un i ve r s i t y  o f  New Mexico i s  ava i l ab l e  
here today, i f  you want assistance. 

The reason I am here i s  t h a t  the  Space Ac t  o f  1958 d i r ec ted  t h a t  
NASA share i t s  research i n  the widest p rac t i cab le  manner and NASA 
es tab1 i shed a Techno1 ogy U t i  1 i z a t i  on Program t o  encourage the secondary 
use o f  technology generated i n  the Na t ion 's  aeronaut ics and space pro- 
gram. I am sure t h a t  many o f  you represent ing h igh  technology companies 
appreciate t h a t  the government s t imulates,  sponsors, and acquires r a the r  
s i g n i f i c a n t  amounts o f  research and development o f  a broad-based nature.  
Most o f  t h i s  a c t i v i t y  has centered i n  the Department o f  Defense, the 
Atomic Energy Comnission, and NASA al though i n  recent  years many o ther  
agencies have engaged i n  R&D programs t o  improve t he  e f f e c t i v i t y  of 
t h e i r  mission rcsponsi b i l i  t i e s  i n  the  environment, housing, t ranspor ta-  
t i o n ,  and law enforcement. A l l  these c i v i l  agencies have recognized 
t h a t  research and development i s  r e q u i s i t e  f o r  p r o d u c t i v i t y  improvements 
i n  these c r i t i c a l  p u b l i c  areas. I n t e r e s t i n g l y  enough, most o f  these 
c i v i  1 i a n  mission agencies have recen t l y  es tab l i shed  technol ogy t r a n s f e r  



a c t i v i t i e s  t o  enhance and s t imu la te  t he  use o f  these R&D programs w i t h i n  
the i n d u s t r i a l  community and the  p u b l i c  sector .  

We made an attempt t o  n,zasure the impact and value o f  R&D i n  the  
na t iona l  economy through a study e n t i t l e d  the Economy Impact o f  
St imulated Technological A c t i v i t y  a t  Midwest Research I n s t i t u t e .  I t 
addressed the  r o l e  o f  technolog ica l  growth i n  na t iona l  economic growth, 
and the f ac to r s  and r o l e  t h a t  the space program played t o  t he  degree t h a t  
they could be estab l ished.  I t s  f i nd i ngs  were on the  average--each d o l l a r  
spent on R&D re tu rns  s l i g h t l y  over seven d o l l a r s  i n  t echno log i ca l l y  i n -  
duced economic gains over  an 18-year pe r i od  f o l l o w i n g  the expendi ture.  
Assuming t h a t  NASA's R&D expendi tures had the  same pay-of f  as the  average, 
we found t h a t  the  $25 b i l l i o n ,  i n  1958 d o l l a r s  spent on c i v i l i a n  space 
R&3 dur ing t he  1959-1969 pe r i od  has re turned $52 b i l l i o n  through 1970 
and w i l l  cont inue t o  produce pay-of f  through 1987, a t  which t ime the  
t o t a l  pay-off h i l l  have been $181 b i l l i o n .  The discounted r a t e  o f  r e t u r n  
2- t h i s  investment w i l l  have been 33 percent.  

To pu t  t h i s  i n t o  a perspect ive t h a t  i s  more e a s i l y  understandable, 
I w i  11 c i t e  a few examples. 

I n  o rder  t o  meet the  miss ion ob jec t i ves  o f  Apol lo,  Skylab and Vik ing,  
mate r ia l s ,  equipment, and men were chal lenged t o  new and o f t e n  unknown 
envi  ronments a t  unprecedented performance l e v e l  s w i t h  added requirements 
f o r  absolute l i f e  safe ty ,  lowest weight, h ighest  re1 i a b i l  i t y  and a f f o r d -  
able cost .  These requirements have caused a g rea t  stream o f  techn ica l  
advances i n  mate r ia l s ,  new research i n  s t ress  analys is  and s t r u c t u r a l  
design techniques a l l  o f  which have broad u t i l i t y  ou ts ide  the  aerospace 
community. For example, t he  NASA S t ruc tu ra l  Analys is  Program (NASTRAN) 
i s  a general purpose, d i g i t a l  computer program designed t o  analyze s t a t i c  
and dy, .mic  behavior o f  e l a s t i c  s t r uc tu res  and t o  d i sp l ay  a summary o f  
the computed s t r u c t u r a l  behavior w i t h  standard computer p l o t t e r s .  The 
program was, and s t i l l  i s ,  used by NASA and aerospace companies t o  design 
and analyze a i r c r a f t  fuselages, wings, and t a i  1 assemblies , spac? veh ic les  
(V i k i ng  and Skylab) and t h e i r  re1 a ted launch f a c i  1 i t i e s  and t u r b i n e  engines. 
The wide range o f  a n a l y t i c  c a p a b i l i t y  b u i l t  i n t o  NASTRAN includes: 
s t a t i  c s t r u c t u r a l  response t o  concentrated and d i s t r i b u t e d  loads; thermal 
expansion and enforced deformation; dynamic s t r u c t u r a l  response t o  t r an -  
s i e n t  loads; steady-state harmonic loads and random e x c i t a t i o n  ; as we1 1 
as dynamic and e l a s t i c  s t a b i l i t y  ana lys is .  The program can handle 
s t r u c t u r a l  problems o f  v i r t u a l l y  un l im i t ed  s ize.  Between 1965 and 1970, 
Goddard Space F l  i g h t  Center developed the program through a combination 
of in-house and cont racted research f o r  approximately $3,000,000. The 
program was released t o  p u b l i c  users i n  November 1970 through our  Computer 
Software Management and In fo rmat i  on Center (COSMIC) a t  t he  U n i v e r s i t y  
of Georgia, under con t rac t  t o  NASA. 

Westinghouse E l e c t r i c  Corporat ion i n  P i t t sburgh ,  Pennsylvania has 
used NASTRAN since 1970 t o  perform ca l cu l a t i ons  which were no t  
economically f eas i b l e  w i t h  previous computer program capabi 1 i t i e s .  
Appl i ca t i ons  inc lude:  e l a s t i c  analys is  o f  na tu ra l  f requencies f o r  
steam tu rb i ne  blades; t r a n s i e n t  response and thermal ana lys is  o f  turbo-  
machinery housings; and analys is  o f  s t ruc tu res  such as f l o a t i n g  nuc lear  
power p l an t s .  For most NASTRAN users, the pr imary bene f i t  has been a 
subs tan t ia l  reduct ion i n  r ea l  opera t ing  costs and, the re fo re ,  a great  
increase i n  o r o d u c t i v i t y .  Ford Motor Company, f o r  example, i s  saving 



m i l l  ions annual ly  by us ing NASTRAN f o r  qua1 i t y  assurance ana lys is  o f  
automotive frames. 

I n  meeting t he  r igo rous  energy requirements t o  pu t  men on t he  moon, 
hydrogen, one o f  the  wor ld '  s most powerful, p l e n t i f u l ,  and d i f f i c u l t  
f uc l s ,  was w ide ly  used. Th is  experience portends w e l l  f o r  the  f u t u r e  
i f ,  and when, the  p red ic ted  hydrogen economy ernerges. I n  the meantime 
i t  may have rea l  app l i ca t i on  i n  p o l l u t i o n  f ree dispersed power generators 
such as f u e l  c e l l s .  For example. 

I n  1962, P r a t t  and Whitney A i r c r a f t  was awarded a con t rac t  from 
NASA's Johnson Space Center t o  develop and manufacture f u e l  c e l l s  f o r  
the Apol l o  spacecraf t ,  thus extending the company's f u e l  c e l l  capabi 1 i ty 
fo r  f i v e  years. Because the  Apol l o  fue l  c e l l s  used pure oxygen and 
hydrogen, the  bas ic  technology had t o  be adapted t o  operate on standard 
gas and l i q u i d  f ue l s  w i t h  a i r .  Near ly  two- th i rds  of the  support  f o r  
t h i s  app l i ca t i on  has been prov ided by a group of t h i r t y  gas companies 
through a program ca l  l e d  TARGET (Team t o  Advance Research fo r  Gas Energy 
Transformat ion).  Present ly ,  12.5-ki l o w a t t  fuel  c e l l  modules produced 
i n  t he  program have operated nea r l y  200,000 hours a t  t h i r t y - f i v e  s i t e s  
around the  wor ld.  Wi th in  the pas t  year  a c o n s ~ r t i u m  o f  n ine  e l e c t r i c  power 
u t i l i t y  companies signed con t rac ts  w i t h  P r a t t  and Whitney f o r  f i f t y - s i x  
26-megawatt machines valued a t  $300 m i l l i o n  t o  supplement present  power 
g r ids .  These orders are p rov is ioned  on the completion of a successful 
research and development program expected t o  cos t  $42 mi 11 ion- - two- th i  rds  
o f  which w i l l  be pa id  by t he  n i ne  power companies. 

Also, the experience and background i n  cap tu r ing  the  sun's enersy 
t o  power spacecraf t  u t i l i t i e s  f o r  extended pe r i od  o f  time, i nc l ud ing  the 
2600 kwh o f  Skylab, should be use fu l  f o r  our emerging new r e s p o n s i b i l i t i e s  
i n  s o l a r  heat ing and cool ing.  

We have found t h a t  technology t rans fe rs  n a t u r a l l y  where appl i ca- 
t i o n s  and markets a re  perceived and ent rapreneur i  a1 a c t i v i t y ,  on the 
p a r t  o f  i n d i v i d u a l s  and f i rms  takes place. Th is  i s  o f t e n  r e f e r r e d  t o  
as d i f f u s i o n  and i t  takes many forms. 

The Space Program, w i t h  i t s  h i gh  re1 i a b i  1 i ty and o f t e n  h i gh  
s t e r i l i t y  l e v e l  requirements prov ided a major " f i r s t  market" f o r  ad- 
vanced contamination con t ro l  equipment design t o  NASA s p e c i f i  c i a t i o n s .  

What i s  perhaps the g rea tes t  t r i b u t e  t o  both NASA and the  contamina- 
t i o n  con t ro l  i ndus t r y  i s  the  f ac t  t h a t  the  i ndus t r y  i t s e l f - - b y  developing 
e n t i r e l y  new markets--no longer  depends on aerospace as i t s  main source 
o f  revenue. Sales o f  laminar f l o w  equipment were inc reas ing  a t  an 
annual r a t e  o f  34 percent between 1964 and 1970, wh i le  the percentage 
of sales t o  nonaerospace i n d u s t r i e s  rose from almost no th ing  ten years 
ago t o  approximately 90 percent i n  1970. 

Another e f f e c t i v e  t rans fe r  mechanism i s  through profess ional  
soc ie t ies ,  i n d u s t r i a l  design codes and general pub1 ished in format ion.  
For example, NASA's concern f o r  min imiz ing the  weight o f  f l i g h t  systems 
has a lso  l e d  t o  the extensive use of h igh-s t rength mate r ia l s ,  and the 



performance o f  these mater ia ls  i s  sens i t i ve  t o  the presence of f laws. 
To de f ine  t h i s  sens! t iv i ty ,  researchers a t  the Lewis Research Center 
developed the "plane s t r a i n  f r a c t u r e  tough.~ess t e s t  ," and engineers f o r  
the f i r s t  t ime could q u a n t i t a t i v e l y  determine the weakening inf luence 
of cracks i n  se lected s t r u c t u r a l  mater ia ls .  Ea r l y  disseminat ion of 
in format ion on the plane s t r a i n  f r a c t u r e  toughness t e s t  were p r i m a r i l y  
accompl ished through the ASTM E-24 and Special Technical Pub1 i ca t i ons .  

As an i nd i ca t i on  o f  how t h i s  technology has t ransfer red,  I suspect 
t h a t  those o f  you who o rder  s tee l  from U. S. Steel  are r e q u i r i n g  the 
plane s t r a i n  f r a c t u r e  toughness t es t s .  

However, because the Space Act challenged NASA t o  disseminate 
i t s  research and development wide ly ,  NASA recognized e a r l y  t h a t  the 
ra the r  in formal  and sometimes serendip i tous process o f  na tu ra l  d i f f u s i o n  
could be enhanced and accelerated through the  development o f  an organized 
program, and estab l  ishment o f  i t s  Technology U t i l i z a t i o n  Program i n  1962. 
I t s  r e a l  value l i e s  i n  i t s  at tempt t o  g i ve  access t o  technology emanating 
from the Nat ion 's  R&D investment i n  aeronaut ics and space t o  those f i rms  
who do n o t  have access i n  the more t r a d i t i o n a l  ways c i t e d  abovz. 

The NASA Tech B r i e f  i s  probably the most w ide ly  known techn ica l  
innovat ion announcement medium. I t  i s  a technica l  desc r i p t i on  of  an 
innovation, w i t h  s t ra igh t - fo rward  explanat ions o f  bas ic  concepts and 
p r i n c i p l e s .  The Tech B r i e f  reader can ob ta in  more d e t a i l e d  in fo rmat ion  
from a Technical Support Package. The TSP inc ludes t e s t  data, drawings, 
spec i f i ca t ions ,  and i t  i s  ava i l ab le  by w r i t i n g  t o  the Technology 
U t i l i z a t i o n  O f f i c e r  whose address i s  provided i n  the o r i g i n a l  Tech 
B r i e f .  While obv ious ly  innovat ions o f t e n  need t o  be mod i f ied  f o r  new 
appl i ca t i ons  , the record i nd i ca tes  h igh  i n t e r e s t  and considerable 
technology t r a n s f e r  s t imu la ted  by Tech B r i e f s  and TSPs. 

NASA's I n d u s t r i a l  App l i ca t ions  Centers are a n o t h ~ r  major element 
i n  the program t o  t r a n s f e r  technology. They prov ide a v a i l a b l e  technology 
i n  response t o  s p e c i f i c a l l y  s t a ted  technica l  problems and in fo rmat ion  
needs o f  users ranging from small business t o  the l a r g e s t  companies. 
They are operated f o r  NASA by the Un i ve rs i t i es  o f  Connecticut, 
P i t tsburgh,  New Mexico, Southern Ca l i f o rn i a ,  Indiana, and the  North 
Caro l ina Science and Technology Research Center. Many o f  your f i rms  
are subscr ibers t o  RDC serv ices and I would be happy t o  have more o f  
them. 

These Centers through t h e i  r working re1 a t i  onshi ps and peopl e- to-  
people contact  w i t h  NASA f i e l d  centers, 1 i ke the Joh~son  ?.;;ce Center, 
a c t  as constant ca ta l ys t s  t o  b r i n g  i ndus t r y  problems and needs c l ose r  
t o  NASA's technica l  experience and capabi 1 i t i e s .  

As an example o f  the I n d u s t r i a l  Appl icat ions Center program pro- 
v i d i ng  technica l  in fo rmat ion  and assistance t o  i n d u s t r i a l  f i rms,  I 
would l i k e  t o  c i t e  the experience o f  the f i rms  working t o  meet the  
unexpected technica l  chal  lenges o f  the design and cons t ruc t ion  o f 
the  Alaskan Pipe1 ine .  



TAC, the  Center a t  t he  U n i v e r s i t y  of New Mexico, furnished heat 
p ipe techn ica l  in format ion and more impor tant ly ,  access t o  the exper i  - 
enced heat p ipe techno log is t  a t  the Goddard Space F l i g h t  Center t o  the  
Alyeyesha p i pe  l i n e  se rv ice  company, a  former techn ica l  member o f  t h i s  
community. Alyeysha i s  p lanning t o  use heat pipes as a  thermal pro- 
t e c t i o n  system t o  p ro tec t  the  p ipe 1 i n e  from p o t e n t i a l  dangers, 
thermal ly  induced s t r uc tu red  stresses and should minimize the env i ron-  
mental impact t a  the tundra.  

The l a s t  mechanism used t o  t r a n s f e r  aerospace technology i s  the  
adoption and demonstration o f  spec i f i c  techn ica l  advances t o  s i g n i f i c a n t  
publ i c  needs. A necessary requirement of these appl i c a t i o n  p ro j ec t s  
i s  t h e i r  e a r l y  con~mercial i z a t i o n  t o  i nsu re  l a s t i n g  and widespread use. 

These p ro j ec t s  vary i n  s i z e  and scope depending upon the  na tu re  
and s i gn i f i cance  o f  the publ i c need, the l e v e l  o f  involvement o f  a  mis- 
s i on  agency, o r  t he  degree o f  i n d u s t r i  a1 p 6 r t i  c ipa t ion .  

An example o f  one o f  our  app l i ca t i ons  I am most pleased w i t h  i s  
the Rechargeable Cardiac Pacemaker. When the  na tu ra l  hear tbeat  f a i  1  s 
o r  becomes i r regu l  a r  because o f  hear t  disease , an a r t i  c i  c i  a1 pacemaker 
which de l i ve r s  smal l ,  r egu la r  e l e c t r i c  shocks can be l i f e - sav i ng .  I n  
the Uni ted States, approximately 30,000 pacemakers are imp1 anted each 
year; another 30,000 u n i t s  are implanted each year  i n  the  r e s t  o f  t he  
world. 

The average l i f e  expectancy f o r  pacemakers up t o  now has been about 
twenty-two months, a f t e r  which t ime t h e i r  mercury c e l l  power supply i s  
depleted. A su rg i ca l  operat ion i s  then requ i red  t o  remove the pacemaker 
and implant a  new device. 

Sc ien t i s t s  and doctors a t  the Johns Hopkins Un i ve r s i t y  Appl ied 
Physics Laboratory have developed, under the p a r t i  a1 sponsorship o f  
NASA, a  new hear t  pacemaker ~ h i c h  i s  rechargeable and much sma l le r  
than conventional u n i t s .  The new equipment uses e l e c t r i c a l  and 
e l e c t r ~ i i c  components f i r s t  designed by NASA f o r  use i n  spacecraf t .  

Another advantage o f  the  newly developed device i s  t h a t  i t  i s  
immune t o  e l e c t r i c a l  i n te r fe rence  sources, such as microwave ovens, 
car  i g n i t i o n s ,  and radars, t h a t  sometimes stop convent ional  pacemakers 
from operat ing.  The improved pacemaker which has been implanted i n t o  
over 500 pa t i en t s  i s  now ava i l ab l e  f rom an i n d u s t r i a l  f i r m  Pacesetter 
Systems, Inc .  o f  Sylmar, Ca l i f o rn i a  under a  l i c e n s i n g  agreement through 
Johns Hopkins and the government p a r t i c i p a t i o n  i n  +he technica l  t r ans fe r .  

We a lso  t r y  t o  t r a n s f e r  technology t o  o the r  government agencies 
when they request assistance. As many o f  you know, the Uni ted 
States Geological Survey (CSGS) i s  charged w i t h  r egu la t i ng  the o f f shore ,  
o i l  i ndus t r y  which i s  operat ing more than 1,800 d r i l l  i n g  and product ion 
p la t forms on the Outer Cont inenta l  She l f  ( O C S ) .  I n  1971, USGS requested 
t h a t  NASA study equipment and procedures used i n  the o f fshore o i l  and 
gas indus t ry .  The NASA study team o f  re1 i a b i l  i t y  and qua1 i t y  assurance 
special  i s t s  from the Marshal 1  Space F l i g h t  Center analyzed the feas i  b i  1  i t y  
o f  app ly ing advanced systenls engineer ing techniques t o  increase the 



r e l i a b i  1 i t y  o f  sa fe t y  and a n t i  - p o l l u t i o n  equipment on o f f sho re  d r i  11 - 
i n g  and product ion p la t forms.  The study r e p o r t  descr ibed appropr ia te  
qua1 i t y  con t ro l ,  f a i l u r e  mode e f f e c t s  analys is ,  and hazard ana lys is  
techniques based on previous space program appl i c a t i  ons . The r e p o r t  
inc luded a number o f  recomnendations f o r  improving sa fe t y  and avo id ing 
acc identa l  po l  1 u t i o n  dur ing  o f f sho re  operat ions.  

Indus t ry  and government r eac t i on  t o  the  r e p o r t  has been very pos i -  
t i v e ,  and i t  i s  the bas is  f o r  a dramatic change i n  o f f sho re  o i l  and 
gas product ion.  A j o i n t  e f f o r t  between the Survey and t he  American 
Petroleum I n s t i t u t e  (APT) was i n i t i a t e d  i n  1972 t o  develop procedures 
f o r  implementing the NASA recomnendations i n  s p e c i f i c  appl i c a t i  ons . 

We have a1 so successful  l y  adapted the techn ica l  know-how and 
experience i n  astronaut l i f e  support  systems f o r  the  improvement of 
f i r e f i g h t e r s  breath ing system. A t  t he  request o f  80 c i t y  admin is t ra to rs  
and w i t h  the continued user  requirements o f  representat ives o f  the  f i r e  
community a very successful techni  cd; development has r e c e n t l y  been com- 
p le ted .  Using h igh pressure a i r  a t  4000 p s i  and aerospace composite 
pressure vessels o f  cor ros ion r e s i s t a n t  aluminum w i t h  f i  berg1 ass over-rap 
the s to red  gas capac i ty  and opera t ing  dura t ion  have been increased by 
40 percent w i t h  no apprec ia t i ve  volume increase and a 20 percent  decrease 
i n  weight. U s e a b i l i t y  and r e l i a b i l i t y  have been enhanced by the  app l i ca -  
t i o n  o f  aerospace human f a c t o r s  and q u a l i t y  assurance design standards. 
The system i s  t o  undergo v e r i f i c a t i o n  t e s t s  i n  the New York, Los Angeles, 
and Houston F i r e  Departments beginning nex t  month and should be comnerc ia l ly  
ava i l ab l e  t o  a l l  f i r e  departments nex t  year  assuming a successful t e s t  
program. As an added bonus, the pressure vessel should a lso  be a v a i l a b l e  
t o  scuba d ivers .  The s i gn i f i cance  o f  t h i s  a c t i v i t y  i s  t h a t  a very  r e a l  
b a r r i e r  - the movement o f  an advanced technology t o  a ve ry  d i f fused  
marketplace known f o r  i t s  l ack  o f  i nnova t ion  w i l l  have taken p lace i n  
three years - the economic s i gn i f i cance  may we l l  be the increased p rodu t i -  
v i  t y  of f i r e f i g h t e r s .  

F i n a l l y ,  one o f  the  most s i g n i f i c a n t  app l i ca t ions  of technology i s  
undergoing continued development a t  ou r  J e t  Propuls ion Laboratory.  Th is  
e f f o r t  i s  intended t o  demonstrate the f e a s i b i l i t y  o f  a low p o l l u t i o n  
improved e f f i c i e n c y  spark i g n i t i o n  i n t e r n a l  combustion engine. The 
p r i n c i p c l  o f  t h i s  concept invo lves  the i n j e c t i o n  o f  r e l a t i v e l y  small 
q u a n t i t i e s  o f  hydrogen generated from on-board gasol ine i n t o  the  pr imary 
f u e l / a i r  system t o  improqe the e f f i c i e n c y  o f  the  i n t e r n a l  combustion 
engine. To date, the  p o l l u t i o n  p a r t i c u a r l y  NO, emissions have been s i g n i -  
f i c a n t l y  reduced a1 though the  u l t i m a t e  ob jec t i ve  o f  meeting o r  exceed- 
i ng  the 1977 Federal emission standards has no t  y e t  been a t ta ined .  
However, the f u e l  consumption was c u t  by 25 percent.  Future e f f o r t s  are 
focused on b e t t e r  understanding of the fundamental process invo lved  i n  
adapting t h i s  concept t o  p r a c t i c a l  use w i t h  automobiles working w i t h  
the Environmental P ro tec t i on  Agency, the  Federal Enerqy O f f i c e ,  and the  
automotive indus t ry .  

I n  conclusion, I th ink  t h a t  these case s tud ies demonstrate t h a t  
successful t r a n s f e r  o f  goverrunent technology i s  a two-way s t r e e t  i n -  



volv ing both the i n d u s t r i a l  community and the government agencies. With- 
out the ac t ive  p a r t i c i p a t i o n  o f  both par t ies  the government would r e t a i n  
i t s  technology much t o  the detriment o f  the economy, and improvements 
i n  the qua1 i t y  o f  pub1 i c  services f o r  which technology o f f e r s  so much 
promise would no t  take place. 

We need t o  have the American Indus t r i a l  community which you repre- 
sent aware o f  what we are t r y i n g  t o  accomplish because wi thout  your 
ac t ive  i n t e r e s t  and p a r t i c i p a t i o n  technology w i l l  no t  t rans fer  i n  a 
l a s t i n g  sense. We also need your feedback t o  insure t h a t  we are accomplish- 
i ng  something meaningful and t o  determine ways t o  do i t  be t te r .  
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ROCKET ENGINE HEAT TRANSFER AND MATERIAL TECHNOLOGY 

FOR COMMERCIAL APPLICATIONS 

John Ili 1 t a b i  dd lc  and John Ca~npoel 1 

ABSTRACT 

L iqu id- fue led rocke t  engine combustion, heat  t r a n s f e r ,  and mate- 
r i a l  technology have been u t i l i z e d  i n  t h e  design and development of 
compact combustion and heat exchange equi pment in tended f c r  appl i c a -  
t i o n  i n  t h e  commercial f i e l d .  An i n i t i a l  a p p l i c a t i o n  of t h e  concepts 
t o  t h e  design o f  a compact steam generator  t o  be u t i l i z e d  by  e l e c t r i -  
c a l  u t i l i t i e s  f o r  the p roduc t ion  o f  peakinq power i s  descr ibed.  

INTRODUCTION 

Rocketdyne i s  a d i v i s i o n  o f  Rockwell I n t e r n a t i o n a l  Corporat i  on, 
a mu1 t i - i n d u s t r y  company w i t h  sa les  i n  excess o f  $2.3 b i  11 i o n  f o r  
1972. The parent  c o r p o r a t i o n  i s  i nvo lved  i n  aerospace, automot ive,  
e l e c t r o n i c s ,  u t i l i t y  and consumer products ,  and i n d u s t r i a l  a c t i v i t i e s ,  
w i t h  c u r r e n t  emphasi s on expanding i n t e r n a t i o n a l  market ing operat ions 
( F i g .  1 ) .  

Rocketdyne's beg inn ing dates  back t o  the  end o f  World W q r  I! i q  

1945, when Kor th  Ameri can A v i a t i o n ,  Inc .  , a predecessor o f  t,ockwell 
I n t e r n a t i o n a l ,  assigned a f ive-man team t c  s tudy  t h e  f e a s i b i l i t y  of 
developing guided m i s s i l e s  f o r  the  Uni ted Sta tes .  The s tudy group 
was uesignated the  Technical Research Laboratary,  How bes t  t o  prope l  
such m i s s i l e s  was one o f  i t s  mc ior  assignments. The present  d i v i -  
s i o n ' s  Engineer ing and M a n u f a c ~ d r i n g  f a c i i  i t i e s  are  l o c a t e d  i n  Canoga 
Park, Cal i f o r n i a  (F ig .  2 ) .  Approxinlateiy 10 m i l e s  from the  Canoga 
P l a n t  i n  a remote h i 1  l s i  t e  1 i e s  the Santa Susana F i e l d  Laboratory  and 
major t z s t  f a c i  1 i t i e s .  

As a d i v i s i o n ,  Rocketdyne i s  concerned p r i m a r i l y  w i t h  the design 
and manufacture of  both  1 i q u i d -  and s o l  i d -p rope l  1 a n t  p ropu l  s ion  sys- 
tems and associated components (F ig .  3 ) .  I t s  scope o f  a c t i v i t i e s  has 
broadened t o  i n c o r p ~ r a t e  commercial w a t e r j e t  propul  s i o n  systems as 
we l l  as p o l l u t i o n  c o n t r o l .  

Most c u r r e n t  i n  the  l i s t  of Rocketdyne e f f o r t s  i s  t h e  Space Shut- 
t l e  Main Engine. Powering t h e  Space S h u t t l e  Orb ' te r  v e h i c l e ,  t h i s  
reusab le  engine i s  designed f o r  up t o  100 m i  j s i ons ,  w i t h  normal se rv i ce  
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performed between f l i g h t s  much the same as r o u t i n e  a i r l i n e  mainten- 
ance techniques. Use o f  the  h i  gh-performance, oxygenlhydrogen- 
fue led  Space Shu t t l e  w i l l  economize space t r a v e l  t o  an ex ten t  no t  
r e a l i z e d  under previous programs (F ig .  4 and 5) .  

Rocketlyne and many o ther  aerospace comparies, p lus  t h e  Govern- 
ment agencies who have been invo lved w i t h  the Space programs over 
the  past 2 decades, a re  now p u t t i n g  t h e i r  developed t a l e n t s  and capa- 
b i l i t i e s  t o  work f o r  the commercial b e n e f i t  o f  the  nat ion.  The sub- 
j e c t  o f  t h i s  rev iew i s  one task Kocketdyne has undertaken w i t h  the 
he lp  and support o f  a l a r g e  commercial customer. 

LIQUID ROCKET ENGINE TECHNOLOGY 

The technology q f  rocke t  engines burning 1 i q u i d  f u e l s  and ox i  - 
d i ze r s  has been developed over the past 40 years. The i n i t i a l  devel-  
opments were 1 a rge ly  European, and culminated i n  the successful 
German development o f  the V - 2  rocke t  engine i n  the second World War. 
Large-scale American development was undertaker; a f t e r  the  war and i s  
con t inu ing  t o  t h i s  day. We a re  a l l  f a m i l i a r  w i t h  the .noon land ings 
and o ther  space f e a t s  made poss ib le  by t he  development of dn exten- 
s i ve  and soph is t i ca ted  rock& engine technology. 

L i qu id  rocke t  technology has made g rea t  s t r i d e s  i n  many areas, i n -  
c l  ud i  ng turbopumps , con t ro l  s, 1 igh twe igh t  s t ruc tu res ,  i n t ens i ve  com- 
bust ion,  and heat t ran5 fe r .  This paper deals  p r i m a r i l y  w i t h  t he  a p p l i -  
ca t i on  of l i q u i d  rocke t  engine combustion chamber technology t o  the  
commerc i a1 area. 

The 1 i q u i d  rocke t  engine t h r u s t  chamber i s  a fundamental ly simple 
device whose cc: ra t ing p r i n c i p l e s  a re  il i u s t r a t e d  i n  Fig.  6. The 
l i q u i d  f u e i  and o x i d i z e r  are in t roduced i n t o  a combustion chamber 
where they are burned a t  e levated pressure. The combustion gases, 
being a t  h igher pressure than the  ambient pressure, a re  exhausted 
througn a nozzle which ra i ses  t h e i r  ve l oc i t y ,  and by the reac t i on  
p r i n c i p l e  imparts an opposi te f o r ce  t o  the chamber. A f i gu re  of 
I l ~ e r i  t f o r  rocket. engine performance i s  t he  s p e c i f i c  impul se, which 
i s  the p o u ~ d s  o f  t h r u s t  der ived from each pound per second o f  com- 
bined f ue l  and ox i d i ze r  t h a t  i s  combusted. F igure 6 a lso  i nd i ca tes  
the r e l a t i o n s h i p s  among the var iab les ,  and t he  e f f e c t s  one s t r i v e s  
f o r  t o  maximi ze performance. The e f f e c t  o f  con t inua l  l y  improvi  ng 
rocket  engine and space veh i c l e  perfortrance ob jec t i ves  has been 
toward higher combustion chamber operat;t,g pressures and the  u t i l i z a -  
t i o n  o f  f u e l s  and ox i d i ze r s  t h a t  produce the h ighest  combustion tem- 
perature and combustion products w i t h  the  lowest molecular weight. 
This t rend i s  i l l t i s t r a t s d  i n  F ig .  7.  Thrust  chamber design technol -  
ogy has thus had t o  cope w i t h  i r .  -easing heat t r a n s f t ,  r a t es ,  cryo- 
genic f u e l s  as we l l  as ~ryogc*1;r , * i d i z e r s ,  e x t r a o r d i n a r i l y  i i i t en -  
s i ve  ct~mbustion and, a t  the z:r,.c t:me, prov ide l i g h t w e i g h t  s t r uc tu res  
t o  conta in  h igh pressure and temperatures. 
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We w i l l  describe the approach an aerospace rocket  engine design 
and manufacturing organizat ion used i n  t rans fe r r i ng  l iqu id - fue led  
engine combustion processes, heat t ransfer ,  and mater ia l  technology 
to  a comerc ia l  appl icat ion.  
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develop a high-densi t y  energy system d i d  indeed e x i s t .  The adapta- 
t i o n  of t he  regenerat ive1 y cooled combustion chamber and the use of 
high-temperature combustion processes l e d  Rocketdyne t o  t he  use of 
an i n d i r e c t  cyc le  fo r  t he  generat ion o f  steam (F ig .  8) .  

Next came t he  i d e n t i f i c a t i o n  o f  t he  end use f o r  t'!e Rocketdyne 
Compact Steam Generator. What type o f  veh i c l e  was best  su i t ed  t o  
u t i  1 i z e  t h i s  compact energy source? 

We s ta r t ed  w i t h  t he  wheel and t r a c k  systems: passenger and 
f r e i g h t  t r a i n s ;  mine locomot ion; where space i s  a t  a premium; and 
road t ranspor ta t ion ,  such as packaging a steam engine i n t o  a bus 
(F ig .  9 and 10).  B i l l  Lear beat us t o  t he  punch here, bu t  consid- 
e r i ng  a l l  h i s  problems, t h a t  was probably a b less ing  i n  d isgu ise  
f o r  Rocketdyne! Steam powerpl ants f o r  marine use were invest igated.  
Steam fo r  chemical process p lan ts ,  and steam generat ion t o  d r i v e  a 
turbine-generator se t  f o r  producing e l e c t r i c a l  power a l so  were i n -  
vest igated. From a l l  t he  analyses t h a t  were developed, one f a c t  
kept coming home i n  the  form o f  a b lack cloud! That was t he  cos t  
of the oxygen and the  l o g i s t i c s  o f  g e t t i n g  t he  oxygen t o  t he  steam 
generator. 

One use, however, stood ou t  where the  cos t  and l o g i s t i c s  of 
using oxygen would prove t o  be economical ly worthwhi le.  Th is  i s  i n  
the  generat ion o f  steam t o  d r i v e  a steam turb ine-generator  se t  and 
t o  produce e l e c t r i c a l  power f o r  a u t i l  i t y  dur ing  i t s  per iods of 
peak power requirements. Peak power generat ion i s  t h a t  e l e c t r i c a l  
capac i ty  t h a t  an e l e c t r i c  u t i l i t y  must be capable of supply ing a t  
var ious t imes dur ing  t he  day when customer demand i s  a t  i t s  g rea tes t  
(F ig .  11).  An e l e c t r i c  u t i l i t y ' s  generat ing capac i t y  i s  roughly  
d i v i ded  i n t o  "base load," " in termediate"  o r  c y c l i n g  load," and 
"peaking load"  (Fig.  12).  Current peaking systems used by the  u t i l -  
i t i e s  are t h e i r  o l de r  f o s s i l  f u e l  systems t h a t  are the most expen- 
s i ve  t o  operate and new gas turb ine-generator  s y s t e m  which have a 
r e l a t i v e l y  h igh  f u e l  cost .  The Rocketdyne c a p a b i l i t  CI develop a 
compact steam generator would a l l ow  a u t i l i t y  t o  i n s  # ,  f o r  a 
very low c a p i t a l  cost ,  equipment t h a t  when mated w i t h  . r ,  e x i s t i n g  
steam turbine-generator,  w i l l  produce e l e c t r i c i t y  a t  a minimum 
ove ra l l  generat ion cost.  

Prel  i q i  nary designs ind ica ted  the  Compact Steam Generator would 
p e n i  t the use o f  a single-pass, para1 l e l  -flow, hot-gas and water-  
steam system. The t o t a l  steam generat ion dev ice would be no longer  
than 21 f e e t .  Use o f  the  l i q u i d  f u e l  and l i q u i d  o x i d i z e r  would per-  
m i t  operat ion o f  the  combustion chamber a t  a pressure s u b s t a n t i a l l y  
above atmospheric w i thou t  having t o  use an expensive and power- 
hungry a i r  compressor. The pressur ized combustion would permi t  a t -  
t a i n i n g  higner mass v e l o c i t i e s  and, consequently, h igher  heat f l u x e s  
than e x i s t  w i t h  normal atmospheric p r t ssu re  combustion. The absence 
of n i t rogen  i n  t he  ox i d i ze r  would minimize t he  product ion o f  n i t r o -  
gen oxides i n  the  exhaust f l u e  gases. The absence o r  min imizat ion 
of sulphur i n  the  f u e l  would keep wi" i n  t he  acceptable l i m i t s  t he  



CSG 

FUEL 
COMPACT STEAM GENERATOR 

Figure 8. CSG Powerplant 

F i q u r e  9 .  A p p l i c a t i o n s  f o r  CSG 



CSG 

Figure 10. Appl icat ions f o r  CSG 

- - 

AM LOAD curns M o m s  OF YEAR 

OPTlMAL PEAKING CAP= 

Figure 1 1 . Pea k i  ng Power 



A1 1  ow me t o  develop t h e  F igu re  12. D a i l y  Load Char t  f o r  a  

p i c t u r e  a  l i t t l e  f u r t h e r  as Typ ica l  P l  a n t  (Power 

a  -. " b o i l e r  replacement system." Eng i neer i ng May 1  967) 
 his s t o r y  i s  b u i l t  around t h e  
f a c t  t h a t  e l e c t r i c - g e n e r a t i n g  f a c i l i t i e s  a r e  b u i l t  up o f  a  number of 
d i f f e r e n t  dev ices  which have d i f f e r i n g  1  i f e  spans. Steam b o i ? e r s  
have, on an average, a  l i f e  span o f  f rom 30 t o  35 years  be fo re  t h e y  
become uneconomical t o  operate and a r e  r e t i r e d  ( F i g .  14 ) .  The 
steam tu rb ine -genera to r  s e t  u s u a l l y  has a  l i f e  span somewhat l onger ,  
perhaps i n t o  t h e  40- t o  45-year pe r iod .  A t  p resent ,  when a u t i l  i t y  
r e t i r e s  i t s  steam-generating equipment, i t  appears t o  be more 
economical t o  r e t i r e  t h e  e n t i r e  sys ten r a t h e r  than t r y  t o  go i n  and 
r e b o i l e r  t h e i r  steam genera t ing  f a c i l i t y .  S tud ies  i n d i c a t e  t h a t  
us ing  steam tu rb ine -genera to rs  o f  a  r e t i r e a  system, coupled w i t h  a  
l o w - c a p i t a l - c o s t  steam genera tor  would be an economical way t o  pro-  
duce peak power. Th is  would be t r u e  e s p e c i a l l y  i f  t h e  steam gen- 
e r a t o r  would have t h e  c a p a b i l i t y ,  because o f  t h e  small  phys i ca l  
dimensions, t o  be moved f rom one f a c i l  i t y  t o  another as t h e  steam 
t u r b i  ne-generators became a v a i l a b l e  due t o  bo i  l e r  r e t i r e m e n t s .  

p roduc t i on  o f  su lphur  ox ides loo 

i n  t h e  exhaust gases. Thus, 
t he  compact b o i l e r  would be 90 - 
a l o w - p o l l u t i n g  dev ice  (F ig .  80 - 
13).  The p ressu r i zed  combus- 
t i o n  and t h e  h i g h  f lame tem- 70 - 
peratures  would p e r m i t  t h e  

d 

INTERHEDIATE 

at ta inme3t  of  h i g h  heat  
t r a n s f e r  ra tes ,  more on the  I 

TPa2 e l e c t r i c  u t i l i t y  i n d u s t r y  i s  v e r y  c a p i t a l  i n t e n s i v e ;  i n  
f a c t ,  i t  i s  perhaps the  most c ~ p i  t a l  i n t e n s i v e  business t h a t  we 
know of .  Large 5aseload systems, e i t h e r  nuc lea r  o r  f o s s i  1  fue l  , 
requ i re  enormous amounts o f  c a p i t a l .  Thus, t o  achieve t h e  economics 
of the  system, these major  baseloads a r e  r u n  con t inuous ly .  I n t e r -  
mediate and c y c l i n g  l o a d  systems a r e  somewhat lower  i n  t h e i r  c a p i t a l  
requirements.  However, these systems a r e  u s u a l l y  t he  o l d e r  i n -  
s t a l l e d  f o s j i l e - f u e l e d  systems t h a t  a r e  e i t h e r  i n  t h e i r  mid-  o r  
l a t e r - l i f e  spans and r e f l e c t  h ighe r  o p e r a t i n g  cos ts  (Table 2 ) .  Peak 
power genera t i ng  systems a r e  used f o r  a  ve ry  s h o r t  p e r i o d  of t i m e  

o r d e r o f t h o s e e x i s t i n g i n  
a  r o c k e t  eng ine t h r u s t  cham- P. 50- i ber than i n  convent iona l  d 40- a 
b o i l e r s ,  and thereby much 0, 
reduce t h e  r e q u l  r e d  coInbus- 30 
t i o n  volume and heat  t r a n s -  
f e r  sur face area. The ef- 20 

f e c t  would be a  v e r y  com- 
pact ,  p o r t a b l e ,  l o w - p o l l u t i n g  10 
steam genera tor .  

- BASE LOAD 

- 

- 
O a l I I I I  1 " 1  

12 2 4 6 8 1012 2 4 6 8 10 
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Figure 13. Environmental Effects 

Figure 14. Commonwealth Edison Joliet Station 



Table 2 .  Power Generation Forms 

dur ing the year, something l ess  than a  15-percent capac i ty  f ac to r ;  
these are r e l a t i v e l y  low c a p i t a l  cos t  u n i t s  bu t  do have h i gh  f u e l  
costs.  Current peak power generators may be d i ese l  engine, open- 
cyc le  gas t u rb i ne  and, as I stated, the  o l de r  f o s s i l  fue l  systems 
t h a t  have been replaced by newer baseload systems and a lso  are 
near ing re t i rement .  U t i  1  i t i e s  use these systems as the demand 
requi res.  I n  the  past,  systems brought on l i n e  dur ing the day 
were determined e n t i r e l y  by t h e i r  generat ion costs (F ig .  15).  Today, 
however, the u t i  1  i t i e s  are strapped from env i  ronnental  r e s t r i c t i o n s  
as we l l  as r i s i n g  f ue l  and operat ing costs.  Consequently, peak 
power generators may be c a l l e d  f o r  e n t i r e l y  by the impact they may 
have on the environment i n  the  form o f  a i r  o r  thermal p o l l u t i o n .  
I n  each and every i n s t a l l e d  system, regard less of whether they are 
i n  operation, a major p o r t i o n  of the system cos t  continues as a  
f i xed  cost .  Now, i f  the  e l e c t r i c  u t i l i t y  can combine a  l o w - ~ o s t  
steam generator w i t h  the  e x i s t i n g  equipment t h a t  i s  pa id  f o r ,  and 
generate t h e i r  peak e l e c t r i c a l  power, t k r e  w i l l  e x i s t  a  tremendous 
economic i ncen t i ve  (F ig .  16). 

LOAD 
APPLICATION 

BASE 
( - 40%) 

CYCLING 
( - 30%) 

SEMI-PEAKING 
(-15%) 

PEAK SHAVING 

I t  i s  here t h a t  Rocketdyne proposes the use o f  the Compact Steam 
Generator i n  a  peaking system, rep lac ing  r e t i  red  steam generat ion 
equiplnoit bo i le rs ,  oe r tn i t t i ng  a  minimum o f  i n t e r f ace ,  reducing en- 
v i r o n ~ ~ i e n t a l  problems, and using e x i s t i n g  equipment t h a t  a  u t i  1  i ty  
has i n s t a l l e d  and pa id  f o r  (F ig .  1 7  and 18).  O f  course, there are 
requi  rei;lents t o  meet: u t i l i t y  spec i f i ca t i ons  such as the b o i l e r  
code, ~ e r v i c e a b i  li ty,  con t ro l ,  and re1 i a b i l  i t y .  Rocketdyne has 
b u i l t  a l l  o f  these i n t o  i t s  V a r i f l u x  Compact Steam Generator. 

DESIGN-DEVELOPMENT 

PRINCIPAL TYPES 

NUCLEAR 
NEW FOSSIL (HIGH COST) 

OLDER (- 2 0  YEARS) FOSSIL 
NEW FOSSIL (LOU COST) 
COMBINED CYCLE 

OLD ( - 2 0  YEARS) FOSSIL 
COMBINED CYCLE 
PUMPED STORAGE 

GAS TURBINE 
DIESEL - VERY OLD 
( - 3 0  YEARS) FOSSIL 

The concept o f  t l ie  Compact Stean Generator was discussed w i t h  
representat ives o f  a  lead ing u t i l i t y ,  and they were able t o  i d e n t i f y  
several poss ib le  app l i ca t ions  on t h e i r  e x i s t i n g  system. They found 
t l ie concept s u f f i c i e n t l y  a t t r a c t i v e  t o  en te r  i n t o  a  cooperat ive 
arrangement whereby an experimental u n i t  \ v i  11 be designed, developed, 

TYPICAL PLANT 
CAPAC 1TV FACTOR 
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Figure 15. Economic Compari son 
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Figure 17. CSG Installation at Joliet Station 

Figure 18. CSG System Schematic 



and fabr icated by Rocketdyne, and tben operated by the u t i l i t y  i n  
conjunct ion w i th  one o f  t h e i r  small e x i s t i n g  turbogenerators a t  an 
ex i s t i ng  s ta t i on  (Fig. 19). This r e l a t i v e l y  small and low-pressure 
experimental u n i t  i s  expected t o  f u rn i sh  a proof o f  the pr inc ip les .  
Monetary arranqements are such as t o  provide a sharing o f  the cost 
of design, development, fabr ica t ion ,  and operation. The next u n i t ,  
a t r u e  production prototype, w i l l  be nominally sized and w i l l  pro- 
v ide fo r  modular b ~ i  ldup f o r  higher-capaci t y  requirements (Fig. 20). 
This w i l l  a l low the u t i l i t y  a f l e x i b i l i t y  i n  generating t o  only  
t ha t  capacity they requ i re  dur ing a given t ime period, 

The fundamental design concept selected f o r  the Compact Steam 
Generator i s  i l l u s t r a t e d  i n  Fig. 21. The a t t r i b u t e s  o f  the concept 
support the  goal o f  in tensive,  nonpol lu t ing combustion and in tens ive  
heat t rans fer ,  and include the fo l lowing:  

1. The pressurized combustion takes place e n t i r e l y  w i t h i n  a 
tube, whose r e l a t i v e l y  small diameter and long length preclude en- 
countering the acoust ic modes of combustion i nstabi 1 i ty .  

2. The heat t rans fer  i s  intense, but  i s  un i formly d i s t r i b u t e d  
around the tube and thus avoids unequal thermal s t ra ins  and bowing. 

3. The water and steam v e l o c i t i e s  can be proportioned t o  meet 
the varying needs f o r  heat-absorbing c a p a b i l i t y  along the tube and 
thus opt imize pressure drop. 

4. Development can be conducted on a s ing le  tube assembly t h a t  
i s  a small module o f  a complete b o i l e r  assembly, so t h a t  the develop- 
ment hardware a ~ d  tes t i ng  expenses can be minimized. 

5. The volume o f  water contained i n  the b o i l e r  a t  any one time 
can be minimized, thus prov id ing rap id  response. 

6. The f l u e  gas enclosure f o r  the very hc t  combusting gases 
can be a1 1 metal1 i c  and e n t i r e l y  water cooled, thus e l im ina t ing  a l l  
b r i ck  work and uncooled seals. 

Both Rocketdyne and the u t i l i t y  recognized tha t  the proof of the  
v a l i d i t y  o f  the concept would requ i re  a ccoperative development pro- 
gram. Analysis and development t es t i ng  a t  Rocketdyne f a c i  1 i t i e s  was 
necessary t o  permit design arrd f ab r i ca t i on  t o  proceed. The f i n a l  
proof of the concepts p r a c t i c a l i t y ,  however, would d2pend upon long- 
t e n  operat ion a t  the generating s ta t ion .  Only then would su f f i -  
c i en t  r e a l i s t i c  operat ing time be accumulated. 

DESIGN AND DEVELOPMENT PLAN 

The cooperative design and development plan agreed upon comnitted 
Rocketdyne t o  a four-stage program: 

1 . An i n i t i a l  analysis,  d e f i n i t i o n  of concepts, and development 
t es t i ng  phase t o  f u rn i sh  the esscnt ia l  experimental base which was 
no t  already ava i lab le  from l i q u i d  rocket  t h r u s t  chamber technology 



PURPOSE: 

REPLACE "RETIRED 
BOILERS TO UTILIZE 
EXISTING TURBO- 
GENERATORS FOR 
PEAK POWER 
GENERATION 

Figure 19. V a r i f l u x  - The Compact Steam 
Genera t o r  

t;yure 20. Mu1 t i n l e  Rocketdyne Conpact 
Steam Genera t o r  Modu 1 es 
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Figure 21. Basic CSG Element 

2. Deta i led  de!,ign and f a b r i c a t i o n  o f  +' ! f u l l - s c a l e  b o i l e r  
system by Rocketdyne 

3. Checkout t e s t i n g  c f  the b o i l e r  system a t  Rockwell f a c i l i t i e s  

4. Suppcrt t o  the  u t i l i t y  da l r ing  i n s t a l  1  a t i o n  and commission- 
i n g  o f  the b o i l e r  system a t  the power s t a t i on ,  and assistance i n  the  
reso l  u t f m  o f  problems t 5  : t s w f a c e  dur ing  1  ong-term operat ion 

The program i s  p resen t l y  i n  Phase 3, the  checkout t e s t i n g  o f  ,he 
f u l l - s c a l e  b o i l e r  system a t  Rockwell f a c i l i t i e s .  

Component Devel opment 

The fundamental boi  l e r  concept sel ected f o r  devel opment was 
a1 1  i e d  c l ose l y  enough t o  our e x i s t i n g  t h r u s t  chamber technology so 
t h a t  many aspects o f  i t s  des.~cjn could be prcpor t ioned on the bas is  
of e x i s t i n g  techniques and co r re l a t i ons .  Fnr instance , the  bur:lrtrs 
were der ived from designs used f o r  hydrogenloxygen rocke t  engine 
i n j ec to r s ,  the gas-side hcat t r ans fe r  cond i t i ons  were pred ic ted 
.from t h r u s t  chznber background, and the t r a n s i e n t  h e i t  t r a n s f e r  and 
f l c w  condi t io t ls  would be modeled mathematical ly.  However, the re  
!#ere a1 so s i g n i f i c a n t  d i f fe rences  especial1 y  regard i?g  thc water- 
s ide heat t ransfer  cor,d;t ions where the water Dasses successively 
through wstcr heating, subcooled bo i  1 i ng, and superheating. Th i re  
were other quest ions on water-side f l o w  s t a b i l i t y .  Moreover, i t  
was considered appropr ia te  t o  provide an experimental demonstra- 
t i o n  o f  the f e a s i b i l i t y  o f  the  concept p r i o r  t o  design and fabr2c: . -  
t i o n  o f  the complete b o i l e r .  Tor these r e a s ~ n s ,  a  component c?-- 
velopment proaram was undertaken us ing equipn~ent simi l a r  tr, t :~d ' .  

shown i n  Fig. 22. The m o d u l ~ r  ~3,tut-e o f  the b o i l e r  c o n w p t  was 
p a r t i c u l a r l y  bene f i c i a l  i n  t h i s  demonstration i n  t h a t  f u l l  -sca le  



- COMlUIllOH G A S  
f X H A U S I  NOZZLf 

TEMPfRATURt PRtSSURt  
G A S  SAMPIC TAPS 

Figure 22. Compact Steam Generator Combustor Development 

t e s t i n g  could be c c . ~  ' +-d on i! s i n g l e  tube assembly w i t h  confidence 
t h a t  the  same r e s u l t  .. - .  ;Id be obtained i n  each o f  a 1  arge number o f  
such assembl i e s  grouped together  i n  a  complete steam-generati ng 
u n i t  . Thi s  fundamental development work requ-! red ;everal months o f  
tes t ing ,  and was su f f i c i en t  t o  conplete t he  basic design in format ion.  

Heat Transfer 

Analysis had i nd i ca ted  t h a t  t he  l i m i t i n g  c o n s t r a i n t  on peak k a t  
t r ans fe r  r a tes  would be the  capac i t y  o f  the coo l i ng  water t o  main- 
t.; n  acceptable water-side pressure drop. Water-side heat t r a n s f e r  
re1 at ionsh ips were estab l  ished by searching the  1  i t e r a t u r e  (and 
there i: r e l a t i v e l y  l i t t l e  b o i l i n g  heat t r ans fe r  in fo rmat ion  a v a i l -  
able a; these h igh  heat f l uxes) .  Tests a lso  were conducted w i t h  ac 
e l e c t r i c a l l y  heated tube a t  t he  steam pressure and temperature con- 
d i t i o n s  o f  the p i l o t  p l a n t  steam tu rb ine .  Having estab l ished water- 
s ide neat absorpt ion capab i l i t y ,  t h e  f l u e  gas-side design mass f l u x  
was estab l ished on the  basis @f e x i s t i n g  data and checked exper i -  
menta l ly  i n  the modular b o i l e r .  Results are ind ica ted  i n  Fig. 23. 
These d;ta are t y p i c a l  o f  t he  shape o f  the heai  f l u x  curves obtained. 
They i nd i ca te  t h a t  combastion i s  completed and maximum f lue  gas tern- 
perature obtained w i t h i n  the f i r s t  40 inches o f  combustor length.  
The peak heat f l u x  a t  r a t ed  design cona i t i ons  i s  about ;.O 0tu- in .2 /  
sec, wPich i s  modest for  r ocke t  engine p rac t i ce ,  bu t  we l l  above con- 
d i t i o n  e x i s t i n g  i n  most bo i l e r s .  The avenge  heat f l u x  i s  200,CIOO 
Btu l r th lh r ,  which i s  about 15 t imes the  average f l u x  i n  conve l t i ona l  
boi  1  t r s .  

I g n i t i o n  and Bi.rner -. Design 

Both the  i g n i t i c n  kystern and the  bas ic  burner design concepts were 
based on previous rocke t  engine p rac t i ce  and found t o  perform q u i t e  
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wel l .  The i y l i i  t i o n  systan i s  required t o  1 i q h t  of f  a number tif 

st-ljar,~te burners s in~u l  tdneously. I t s  bdsic conoty\t w,\s derived 
f rcnn hydrogen/oxygeti rocket t liru s t  chanibet* tcchnol oyy. The re -  
qui red perfomiatlce targets d i f f e r  ft.0111 rocket ct~!li ne targets i n  
tha t  (1) the reqtl ired col~ibustiun pressure i s  35 psiq (which i s  
r e l a t i v e l y  low!, ( 2 )  the r a t i o  of axyqen t o  fue l  flow i s  ahove 
s to i ch i rae t r i c  (whi le  rocket engines run we1 1 below), ( 3 )  i t  i s  
essent ial  tha t  the a~iiount o f  carbon ~nonox ide ,\nd hydrocarbons i n  
the f l u e  gas exhaust be minimized f o r  pol lu t ic ln  considerations, 
,itid (-1) the fur-ndce wal ls  niust not oro!lressively foul w i t h  sooty 
deposits. It was found possible t.o meet a l l  these const: \aints by 
i ncre~aental burner rievelopntetits. Figure 24 indicates tha t  the 
developell but-ner provides s a t i s f a c t o r i l y  complete combustion w i  t h  
as l i t t l e  as 5-percent excess oxygen. 

k.~ter-Side Pressure -- Drop dnd Stabi l* -- 
The basic b o i l e r  concept en tn i l s  "once-through flow" i n  which 

the water i s  pt.oyressively heated t o  the sc l turat  ion temperaturr, 
,111 i n  one pass through the ur i i t  \vithsut recirau1,~t ion. While the 
once-throu)lh Soi l e r  concept has heen used niany ti111es hefore i n  con- 
vrnt ianal  b o i l e r  pract ice, i t  i s  somewhnt unusunl t o  apply i t  a t  
stedtii pressu:'es as  low as tha t  of t h i s  p i l o t  pro ject .  and the t a r -  
geted h iyh  het1t. absorption r a t e  requires a substant ial  pressure 
clr,)p to force the water and s t e m  throucah the f low c i r c u i t  a t  s u f f i -  
c ien t  ve loc i ty .  



law. The dotted l i n e  
i l l u s t r a t e s  the important 1 2 3 4 5 b 7 8 9 1 0  
consideration tha t  a t  con- EXCFSS OXYQN IN  REACTION % 
stant heat i n ~ u t .  the tube . - 
pressure drop varies Figure 24. CSG Co~libustor Development 
s l i g h t l y  w i t h  water f low. (Gas Sanipl i ng Summary 
Thjs charac ter is t i c  makes 
i t  necessary t o  provide 

PropaneiOxygen) 

an o r i f i c e  a t  the entrance t o  each tube c i r c u i t  t o  s t a b i l i z e  the flow 
and d i s t r i b u t e  i t  properly among a l l  tubes operat ing i n  pa ra l l e l .  
Oevelopnent t es t i ng  made i t  possible to  s ize  the o r i f i c e s  t o  d i s t r i b -  
ute the f low properly among a l l  tubes operating i n  pa ra l l e l ,  and t o  
a t t a i n  the desired 4:l s t e a ~ - f l o w  t h r o t t l i n g  range. 

DESIGN 

The equipment supplied t o  the p i l o t  i n s t a l l a t i o n  by Rockwell In -  
ternat ional  may be properly considered as a b o i l e r  system. I t s  
essent ial  e le l~ents  dre i 1 lus t ra ted  i n  the simp1 i f  ied  schen~atic of 
Fig. 26. The systeni design task has rliany s i n i i l a r i t i e s  t o  the task 
faced by the designers o f  a l i q u i d  rocket  engine sys+etn, i .e., i t  
involves pumping, pipinq, contro l  systcnls, and the 1 i ~ e .  Since 
weight was o f  niinor importance, i t  was possible to  design the system 
t o  u t i l i z e  ava i lab le  co~lmercial equipnient. I n  rocket engine prac- 
t i ce ,  by contrast,  i t  frequently i s  necessary t o  design and fab r i -  
cate special punips, ducting, and valves. The system i s  very "quick 
a.:tingl' ,~nd the tirninc] o f  sollle events i s  q u i t e  c r i  t i c d l  , so tha t  we 
elcctpd t o  pt-ovide ,I conioletely ,~utolndted "push button" contro l  
sys ~CIII. T l i i  s WIS dcc iqnrd dntl dt-vt?loped by ,I suypl i e r  knowledgeable 
i n ho i l tit, ,tu t )ct, t i on . 

Thc r ~ l a t i o n s h i p  of 
t111w I J ~ . I ~ ~ , ~ , u ~ * ~ *  (lrop ,)nd 
t low et. vlirlous lodtS8;, CJS 

tlttf i rlctd t ~ y  ttlc dcvi!lop- 
Illen t (Jr'ocjrdln, i s i ndi - 
cdted i n  Fig. 25. While 
ydthering these d ~ t d ,  the 
s t e m  o u t l e t  pressure has 
held constant a t  ea*:h 
load, as was the -team 
o u t l e t  taaperature. The 
water i n l e t  pressu, e and 
the dverage densi ty  of the 
water-side f l u i d  there- 
f o re  increased w i t h  in -  
creasing load, r e s u l t i n g  
i n  the charac ter is t i c  t ha t  
the tube pressure drop 
does not f o l l ow  the square 

R o ~ k ~ t C y n c  undertook the ccwi~plete design o f  the boi l e r  i t s e l f  ; 
tha t  i s ,  the heat crxchan!lcr tha t  generates steani. There were some 
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design challenges irlherent i n  the mechanization o f  the b o i l e r  cottcept, 
which we bel ieve hdve been met successfully, and which are the subject 
of a pending patent appl icat ion. The design was i n f l u e ~ ~ c e d  substan- 
t i a l l y  by the provisions o f  Section 1 o f  the ASME b o i l e r  and pressure 
vessel code, This code has the force o f  law i n  many states. I t s  r u l e s  
govern the design o f  steam bo l le rs ,  and t h e i r  fabr icat 'on and inspec- 
t i o n  during construction, Our b o i l e r  bears 1 i t t l e  resemblance t o  con- 
ventional boi lers,  and thereby required considerable a t ten t i on  t o  the 
provisions o f  the code. I n  t h i s  work, we are aided by several con- 
sul tants who are knowledgeable i n  code matters. We also found our 
"authorized code inspect ion agency," the Deparbnent of I ndus t r i a l  
Safety of the State o f  Ca l i fo rn ia ,  t o  be carefu l ,  pat ient ,  and helpfu l .  

FABR I CAT1 ON 

Our management made the basic decis ion t h a t  Rocketdyne would fabr i -  
cate the steam-generating por t ion  o f  the b o i l e r  system and would 
assemble a1 l the l.arts. We therefore appl ied t o  the ASME fo r  a r,?r- 
t i f i c a t e  o f  author izat ion t o  use the "S" power b o i l e r  symbol stamp a t  
our Canoga Park p lant .  This procedure i s  required by Section 1 of the 
b o i l e r  code f o r  authorized manufacturers o f  power bo i le rs .  Our manu- 
factur ing and qual i t y  assurance f a c i  1 i t i e s  and personnel were dudi ted 
under the d i r e c t i o n  o f  the ASME, and our f a c i l i t y  was granted a cer-  
t i  f i c a t e  of author izat ion.  Actual manufacture and qual i t y  cont ro l  
were car r ied  out  by our regular  personnel. The progression i n  manu- 
facture o f  the steam generator can be seen i n  F i g .  27 through 31. 
Figure 32 shows the assembled b o i l e r  system. 

As seen i n  Fig. 33, the b o i l e r  system i s  designed to  be tr-anspor- 
table by truck. I n  t h i s  view, the outer  platforms have been removed 
and are being transported separately. The core i s  an 8- by 8-foot 
square module which i s  read i l y  transported over the road. 

ASSEMBLY FUNCTIONAL CHECKOUT TESTING 

I n  li;? wi th  the overa l l  design and development plan out1 ined above, 
the b o i l e r  assembly i s  undergoing a series o f  funct ional  nonf i r ing  and 
f i r i n g  checkouts a t  a Rockwell f a c i l i t y .  These tes ts  are designed to  
put the assembly through i t s  paces i n  terms o f  s t a r t i n g  and stopping, 
load f o l  lowi na, steal11 pressure and ternperit ture regulat ion, t h e r ~ i a l  e f -  
f ic iency, capacity, safety l i m i t s ,  and other demonstrations desiyned 
to  i d e n t i f y  and cor rec t  def ic iencies p r i o r  t c  shipment and i n s t a l l a t i o n  
a t  the u t i l i t y  p lan t .  This checkcut tes t ing  program i s  proceeding we l l .  

INSTALLATION 

The b o i l e r  assembly u l t ima te l y  v~ill be i n s t a l l e d  along side the 
turbine generator t ha t  i t  i s  t o  supply \ t i  t h  steam, as indicated i n  
Fig. 34 and 17. The planned operation a t  the u t i l i t y  includes a 
s h x t  checkout ser ies t o  determine tha t  the i n s t a l l a t i o n  i s  cor rec t  
and the equipment has not been damaged i n  t r a n s i t .  The b o i l e r  then 
w i  i l  be operated by the u t i l  i t y  to  meet the denrands placed upon a 
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Figure 31. CSG - January 1974 

Figure 32. CSG - April 1974 
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t yp i ca l  peaking i ns ta l l a t i on .  Operation fo r  4 t o  6 hours a day, 5 
days a week i s  ant ic ipated. This long-term operation w i l l  be the 
u l t imate  t e s t  and w i l l  serve t o  i den t i f y  areas needing improvement. 
The many hours o f  operat ion w i l l  assess the long-term r e l i a b i l  i t y  o f  
the steam generator and i t s  aux i l  i a r y  systems, w i l l  provide exper- 
ience on the maintenance o f  cleanl iness o f  the f l u e  gas s ide and 
the water side o f  the b o i l e r  tubes. and w i l l  permit an evaluat ion of 
the overa l l  ope rab i l i t y  o f  the b o i l e r  system as a steam source f o r  
peaking power uses. 

SUMMARY 

This program was a major undertaking f o r  our aerospace-type com- 
pany. We found t h a t  the comnercial world demands t o  be shown resu l t s  
i n  the form o f  rea l  hardware and hard facts.  R&D i s  not  done j u s t  
for the sake of technology; the end product must be obtainable and 
have t rue  economic value. Comnercial business i s  w i l l i n g  t o  expend 
time, money, and manpower i n  the pursu i t  o f  a de f i n i t e  goal, but  i t  
expects each pa r t i c i pan t  t o  share i n  the t o t a l  development ef for t .  

You see here the f in ished Compact Steam Generator w i t h  i t s  con- 
c o r t r o l s  (Fig. 35 and 36). We had t o  re-educate our Rocketdyne team 
from the aerospace spec if i c a t i o n  and manufacturing methods t o  those of 
the commercial boilermaker. This included understanding the boi l e r  
codes, in ter fac ing w i th  the s ta te  inspectors, and c e r t i f i c a t i o n  of 
our f u l  l y  aerospace-qua1 if i ed welders t o  the appl i cab l  e boi 1 e r  code 
and requirements. Following the completion of checkout tests, the 
Compact Steam Generator was shipped t o  our customer. The customer 
w i l l  complete i n s t a l l a t i o n  i n  the f a l l  o f  1975 a t  the J o l i e t ,  
I l l i n o i s ,  f a c i l i t y .  Power generation w i l l  be demonstrated and w i l l  
be ready f o r  use during the winter  peak demand period. 

The heat t rans fer  design t h a t  i s  incorporated i n  the Var i f lux  Com- 
pact Steam Generator a1 so i s  being considered fo r  other systems t h a t  
w i l l  use high heat f l u x  such as methanators, f o r  coal gas i f i ca t ion  
schemes (Fig. 37) and vaporizing systems i n  the vaporizat ion of l i q u i d  
petroleum fuels .  A current  j o i n t  e f f o r t  w i th  Mcnonnell Douglas Com- 
pany, and under contract  t o  the National Science Foundation, w i  11 i n -  
vest igate the use o f  "tower power" (Fig. 38); t h i s  i s  the c o l l e c t i o n  
and t rans fer  o f  the suli's energy f o r  the generatioti of steam for  
future power-generati ng systems. 
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APPLICATIONS OF AEROSPACE TECHNOLOGY IN THE ELECTRIC POWER INDUSTRY 

F. Douglas Johnson 
Conrad F. Heiiis 

The t rans fer  o f  NASA technology i n t o  commercial appl icat ions 
i s  frequently expected t o  generate commercial products tha t  r e f l e c t  
i n  so* way the previous space hardware designs. This mode of tech- 
nology t rans fer  i s ,  i n  general, a ra re  occurrance and has hcd 1 i t t l e  
impact on i n d u s t r i a l  products o r  pract ices. Another mods c f  t . - - t - -  
nology transfei. i s  of f a r  greater signif icance, namely, t i t *  n.*.iaero- 
space appl icat ions o f  NASA advances i n  technical d i sc ip l !  I .?$ .  The 
transfer of space technology i n t o  the e l e c t r i c  power i ndc ., y 
c l e a r l y  demonbtrates t h i s  d i s t i nc t i on .  New power-generat~ng equip- 
ment, such as fue l  c e l l s  o r  so la r  ce l l s ,  t h a t  was developed f o r  
space missions, may achieve widespread comnerc i a l  i z a t i o n  i n  the 
future, bu t  t h e i r  present impact on the industry  i s  dwarfed by the 
ex i s t i ng  appl i ca t ions  o f  NASA contr ibut ions t o  d i sc ip l i nes  such as 
combustion engineering, mechanical engineeritlg, mater ials science, 
q u a l i t y  assura:lce and computer contro l .  Examqles are presented i n  
the paper t o  i 1 l u s ~ r a t e  how space technology i s  used i n  the elec- 
t r i c  power industry  and corporate s t ra teg ies  t o  acquire re levant  
space techno1 ogy are described i n  our conclusion. 

This paper i s  based on research supported by the Technology 
U t i  1 i z a t i o n  Office, National Aeronautics and Space Admini s t ra t i on .  



APPLICATIONS OF AEROSPACE TECHNOLOGY IN THE ELECTRIC POWER INDUSTRY 

F. Douglas Johnson 
Conrad F. Heins 

INTRODUCTION 

I n  1961, when we made the comnittment t o  send men t o  the moon 
and br ing  them back, there was a general expectation t h a t  t h i s  
e f fo r t  would create a g ian t  step forward i n  technology and would, 
therefore, support the continued i ndustr i  a1 development of our na- 
t ion.  S i r r e  t h a t  t ime the  spectacular success o f  the Apollo pro- 
9ram an: ' l e  sophist icat ion o f  the systems t h a t  made i t  possible 
have d is t rac ted us from what has become a ra ther  prosaic expecta- 
 ion. Thus, i t  i s  a l i t t l e  s t a r t l i n g  t o  discover t h a t  a qu ie t  
f u l f i l l m e n t  o f  t h i s  expectation was tak ing place wh i le  we watched 
the moon shots. Mission-oriented R&D by NASA and i t s  contractors 
has rap id l y  advanced the technical d i sc ip l i nes  t h a t  under l ie  many 
indus t r i a l  sectors and several o f  these technical advances are 
being used i n  nonaerospace industr ies.  

The use o f  space technology i n  the e l e c t r i c  power indust ry  
i l l u s t r a t e s  how t h i s  technology i s  t ransferred t o  an unrelated i n -  
dustry (1 ). The comnonal i t y  between a coa l - f i red  power p lan t  and 
a Saturn rocket i s .  a t  best, obscure. They both have h igh perfor- 
mance machinery and a contro l  system t o  convert f ue l  i n t o  useful 
work but  t h i s  would hardly  convince a skeptic tha t  new technology 
f o r  the rocket i s  appl icable t o  the power p lant .  

The technical so lut ions t h a t  were developed f o r  problems i n  
rocket design and production are not  relevant, i n  general, t o  
solving problems i n  e l e c t r i c  generating equipment. The relevance 
o f  space technology i s  i n  the advancement o f  technical d i sc ip l i nes  
because these advances created new probl em-sol v ing capabi 1 i t i e s  
tha t  can be used by other p rac t i t i one rs  o f  the same d isc ip l ines .  
Engineers i n  the e l e c t r i c  power industry are applying new problem- 
solving capabi 1 i t i e s  from the space program t o  reduce pol 1 u t i on  
and increase re1 i a b i  1 i t y  and e f f i c i ency  f o r  e l e c t r i c  generating 
equipment. Some examples w i  11 ind ica te  how these advances i n  tech- 
n ica l  d isc ip l ines ,  ra ther  than space hardware, are having a s i g n i f -  
i cant  impact on the e l e c t r i c  power industry. We w i l l  conclude w i t h  
a discussion o f  corporate st rategies t o  p r o f i t  from the technical 
advances made i n  the space program. 

COMBUSTION ENGINEERING 

Combustion analysis methods were developed f o r  rocket propul- 
sion systems over the l a s t  two decades by NASA and i t s  predessor, 
the National Advisory Counci 1 on Aeronautics. These methods con- 
s i s t  of computer programs t o  do ana ly t ic  modeling o f  f ue l  vapori- 
zation, combustion k ine t i cs  and exhaust gases. For any given 
combination o f  fue l  , combustor geometry, and operating environment , 
the combustion process i s  characterized by d i f f e r e n t  flame zones 
rather  than homogeneous flames. The NASA computer programs make 
i t  possible t o  model each flame zone accurately and then aggregate 
the resu l t s  i n t o  a sa t is fac tory  nonhomogeneous model o f  the combus- 
t i o n  process f o r  analysis. 



When the n i t rogen oxide (NOx) emission standards were created 
under the Clean A i r  Act of 1970, e l e c t r i c  u t i l i t i e s  were faced w i t h  
a serious combustion en3ineering problem: how t o  maintain the 
flame temperature i n  b o i l e r s  below 3,000°F so tha t  NOx emissions 
were minimi zed without lowering ef f ic iency o r  increasing carbon 
monoxide, hydrocarbon and smoke emissions. The seriousness o f  the 
problem was underscored by the f a c t  t ha t  Ca l i f o rn ia  NOx standards 
were used t o  block the construct ion o f  a new power p lan t  f o r  the 
Los Angeles Department of Water and Power. The Department's com- 
mittment o f  over 30 m i l l i o n  do1 l a r s  was saved and construct ion 
proceeded a f te r  a group o f  aerospace combustion experts used the 
NASA combustion analysis programs t o  design new b o i l e r  operat ing 
procedures for  the p lan t  so tha t  i t  would no t  exceed the legal  
l i m i t  f o r  NOx emissions. The combustion experts formed a company, 
KVB Engineering i n  Tustin, Ca l i fo rn ia ,  which has used the same 
computer programs t o  design economical procedures f o r  reducing 
NOx emissions by 40 t o  70 percent i n  more than 100 foss i l - fue led 
u t i l  I ty b o i l e r s  across the nation, inc lud ing  those belonging t o  
the Houston L igh t ing  and Power Company. 

One o f  theze NASA programs, the Chemical Equi l ibr ium Calcu- 
l a t i o n s  program, from the Lewis Research Center i n  Cleveland, i s  
among the most widely used chemical programs i n  the country. I n  
add i t ion  t o  the KVB app l ica t ion  i n  u t i l i t y  bo i le rs ,  i t  i s  used 
by the Babcock and Wilcox Company i n  designing s u l f u r  d iox ide 
scrubbers f o r  power p lants and by the Bureau o f  Mines t o  model coal 
mine f i r e s  f o r  the development o f  underground detect ion and quench- 
i n g  systems. 

MECHANICAL ENGINEERING 

The NASA Structura l  Analysis (NASTRAN) Program i s  a general 
computer program t o  analyze s t a t i c  and dynamic behavior o f  e l a s t i c  
structures. NASTRAN has been used t o  design space vehicles such 
as Skylab and a i r c r a f t  components. The program was developed by 
the Goddard Space F l i o b t  Center i n  the l a t e  1960's t o  provide 
user-oriented engineering analysis capabi 1 i t i e s  f o r  s t ructures o f  
any size. 

The General Atomic Company uses NASTRAN f o r  dynamic modeling 
o f  the company' s h igh temperature gas-cool ed reactors. The p r i  - 
mary app l ica t ion  i s  i n  v ib ra t i on  dnalys is  f o r  the v e r i f i c a t i o n  of 
hardware designs under earthquake and v ib ra t i ng  pipe condit ions. 
A1 though most o f  the model i n g  was for the 1,090 megawatt reactors 
cu r ren t l y  being developed, the program was used t o  model the 
300 megawatt For t  S t .  Vrain Nuclear Generating Sta t ion  located 
near P l  a t t e v i  11 e, Colorado. 

k e s t i  nghouse engineers have used NASTRAN since 1970. They 
became interested i n  the program whi le  i t  was s t i l l  being devel- 
oped a t  Goddard. Some o f  the company's d iv is ions  use the program 
through the research center computing f a c i l i t y  i n  Pit tsburgh, 
'while others, such as the Steam Turbine D iv i s ion  i n  Lester, 



Pennsylvania, have the program i n  t h e i r  own coqu te rs .  Applica- 
ti ons include: e l  a s t i c  analysls o f  natura l  frequencies fo r  steam 
turb ine blades ; t rans ient  response and thermal analysis o f  turbo- 
machinery housings; and analysis o f  s t ructures such as f l oa t i ng  
nuclear power plants. I n  most o f  these appl icat ions, NASTRAN per- 
forms calculat ions which were not  economically feas ib le  w i t h  pre- 
vious computer program capabi 1 i t i e s  . 

NASTRAN, as i s  the case w i t h  most NASA computer programs, i s  
being disseminated a t  cost  by the  Computer Software Management and 
Information Center (COSMIC) a t  the Un ivers i ty  o f  Georgia, under 
contract t o  NASA. It i s  a lso ava i lab le  on time-sharing computers 
from several service companies. 

MATERIALS SCIENCE 

NASA sc ien t i s t s  a t  the Lewis Research Center have conducted 
tes t i ng  programs and analyses i n  f rac tu re  mechanics since the ea r l y  
1960's. Bet ter  methods were needed t o  resolve the b r i t t l e  f rac tu re  
problems o f  low-weight , h i  gh-strength a1 1 oys used i n  space vehicles. 
Lewis researchers played a major r o l e  i n  developin? an important 
new material  parameter ca l l ed  plane s t r a i n  f rac tu re  toughness and a 
re la ted t e s t  method t h a t  i s  now recommended by the American Society 
for  Testing and l l a te r ia l s  (ASTM). With t h i s  parameter, the s i ze  of 
a f law o r  crack i n  a s t ruc tu ra l  component can be d i r e c t l y  re la ted 
t o  the  service 1 i f e  o f  the structure. 

I n  the mid-1950's there was a sudden increase i n  catastrophic 
f a i  1 ures o f  1 arge steam turbine-generators due t o  b r i t t l e  fracture. 
These f a i l u r e s  were caused by small f laws i n  the tu rb ine  r o t o r  
forgings t h a t  were produced i n  ever increasing sizes since 1950. 
The immediate problem was solved by the expensive method o f  more 
s t r ingent  qual i t y  contro l  inspection. With the increased under- 
standing o f  f rac ture  mechanics, however, be t te r  material  choices 
and the d e f i n i t i o n  o f  acceptable f laws have s i g n i f i c a n t l y  reduced 
the re jec t i on  r a t e  o f  r o t o r  forgings wh i le  maintaining qual i t y  
standards on s t i  11 l a rge r  turbines. General E l e c t r i c  and Westing- 
house used the f rac ture  toughness t e s t  and other NASA-developed 
f rac ture  mechanics technology i n  t h e i r  successful programs t o  elim- 
i na te  the catastrophic f a i l u r e  o f  steam turbine-generators. 
Researchers from both companies have par t ic ipa ted w i t h  ASTM and 
Lewi s researchers i n  developing the d i  s c i  p l  i ne of f racture 
mechanics. 

NASA contr ibut ions t o  f rac ture  mechanics are a1 so recommended 
f o r  nuclear power p lan t  components by the Atierican Society of 
Mechanical Engineers Bo i l e r  and Pressure Vessel Code. Since these 
recommendations are expected t o  become requirements, most nuclear 
equipment manufacturers have s tar ted  using the technology i n  design 
and qual i t y  contro l  t es t i ng  appl icat ions. 



QUALITY ASSURANCE 

Since 1960, NASA has made great progress i n  applying qual i t y  
assurance t o  support the development and management o f  unique space 
hardware systsms. The f i r s t  NASA-wide qual i t y  assurance require- 
ments document f o r  contractors was issued i n  1962. This document 
establ ished a general qual i t y  program p o l i c y  tha t  could be appl ied 
t o  any major development pro ject .  

The NASA pol i cy ,  and many o f  i t s  requirements, were included 
i n  a Defense Department q u a l i t y  assurance requirement which became 
the basis for  the new nuclear power p lan t  l i cens ing  regulat ions 
tha t  were issued i n  1970 by the Atomic Energy Commission. During 
the 19601s, nuclear p lants were small and very conservat ively de- 
signed. With the advent o f  complex 1,000 megawatt nuclear p l a n t  
designs i n  the l a t e  19601s, the AEC maintained r~uc lear  safety by 
sdopting a generic qual i ty program 1 i ke the one used f o r  Apollo. 

General E lec t r i c ,  under contract  t o  NASA, provided equipment 
and services t o  implement the Apol 1 o program qual i t y  assurance 
requirements. GE subsequently introduced i t s  Nuclear Qua1 i t y  
Assurance Consult ing Service t o  ass i s t  e l e c t r i c  u t i l i t i e s  i n  imple- 
menting the AEC requirements. This service has been used i n  the 
construct ion o f  more than a dozen nuclear power plants. 

One o f  the la rges t  e l e c t r i c  u t i l i t i e s  i n  North America, 
Ontar io Hydro, i s  developing i t s  own contractor spec i f i ca t ions  
from NASA qual i t y  assurance docuwnts . The u t i l i t y  plans t o  i n -  
clude requirements such as f a i l u r e  data systems and the use o f  
re1 i a b i  1 i ty data i n  design appl icat ions f o r  i t s  equipment manufac- 
turers.  

COMPUTER CONTROL 

The need f o r  sophist icated computer checkout and cont ro l  sys- 
tems i n  the manned space program caused a brq~ad range o f  advances 
i n  computer systems technology. One o f  these was the Executive 
Program f o r  the Apol 1 o Guidance Computer. This program provided 
near real - t ime c a p a b i l i t y  by scheduling the jobs performed i n  the 
on-board computer. TRW adapted t h i s  Executive Program t o  perform 
a s i m i l a r  funct ion i n  the dispatch computer systems tha t  TRW in -  
s t a l l s  f o r  bulk power and o i l  f i e l d  production contro l .  Since the 
1965 Northeast Blackout, there has been a rap id  increase i n  the 
use o f  d i g i t a l  dispatch computers f o r  greater r e l i a b i l i t y  i n  elec- 
t r i c  power gr ids.  

Our f i n a l  example involves a mathematical method f o r  designing 
contro l  systems. A mathematical technique f o r  so lv ing ce r ta in  
types o f  equations was developed a t  Boeing f o r  B-52 contro l  sys- 
tems. Control designers a t  General Dynamics read about the tech- 
nique i n  a professional paper and incorporated i t  i n t o  a computer 
proqram tha t  was used t o  design the contro l  system f o r  the At las-  
Centaur rocket. These cont ro l  designers were reassigned t o  the 



high temperature gas-cooled reactor  development p ro jec t  a t  General 
Dynamics. The pro jec t  became a General Dynamics d i v i s i o n  , which 
was l a t e r  so ld t o  the Gul f  O i l  Company and r~named. I t  i s  now the 
General Atomic Company, a j o i n t  vel;i:ure by G b l f  and the Shel l  O i l  
Company. Through a l l  o f  these corporate chanqes, the same group 
of contro l  experts used the computer program they had developed fo r  
a rocket  t o  design the cont ro l  system t h a t  i s  &ised i n  gas-cooled 
reactors. 

CONCLUSION 

We have focused on the t rans fe r  o f  new technical c a p a b i l i t i e s  
from the space program t o  i n d u s t r i a l  appl icat ions , ra the r  than 
space hardware. New power-generati ng equi pment designs , based on 
space hardware such as fue l  c e l l s  o r  so la r  ce l l s ,  may have a s ig -  
n i f i c i i n t  impact on the e l e c t r i c  power indus t ry  someday. Our exam- 
ples i l l u s t r a t e  the k ind  o f  technology from the space program which 
i s  cur ren t ly  used i n  the industry .  

This d i s t i n c t i o n  between two kinds o f  space technology, new 
technical capab i l i t y  and new equipment, i s  re f l ec ted  i n  two d i f f e r -  
ent patterns o f  t rans fer  a c t i v i t y .  I n  both patterns, the goal for  
a commercial f i r m  i s  t o  develop a p r o f i t a b l e  i n d u s t r i a l  property 
w i th  the technology. The d i f ferences occur i n  what r o l e s  the tech- 
nology and corporate management p lay i n  t h i s  development. For 
example, a fue l  c e l l  i s  a po ten t i a l  i n d u s t r i a l  property and the 
transfer process becomes the management o f  a product development 
p ro jec t .  A combustion analysis program, on the other  hand, i s  a 
po ten t ia l  job  s k i l l  t h a t  an engineer might use i n  developing a new 
product o r  process. Typical ly ,  the management r o l e  i n  t h i s  type 
o f  t rans fer  a c t i v i t y  has been passive except i n  some aerospace f i rms 
which developed corporate s t ra teg ies  t o  r e d i r e c t  employee sk i  11 s 
t ha t  were acquired i n  the space program. 

Our research has shown t h a t  new technical problem-solving 
capab i l i t i es  from the space program are being used i n  a va r ie t y  of 
i n d u s t r i a l  appl icat ions t o  reduce costs, t o  improve products, and 
t o  comply w i t h  government regulat ions. I n  contrast,  we r a r e l y  
f i n d  successful products t h a t  were developed from space hardware. 
These two resu l t s  ind ica te  t h a t  a company w i l l  more l i k e l y  p r o f i t  
from space technology by acqui r ing new technical capabi 1 i t i e s  
ra ther  than by adapting space hardware. 

We have found tha t  nonaerospace companies use four  important 
mechanisms t o  acquire these technical capab i l i t i es :  j o i n t  ventures 
o r  contracts w i th  aerospace f i rms ; h i  r i n g  ex-aerospace engineers ; 
NASA dissemination programs ; and professional engineering soc ie t ies  
w i th  members from NASA and nonaerospace industr ies.  Nonaerospace 
companies w i t h  the most success i n  t rans fe r r i ng  NASA technology 
have systematic management procedures t o  use one o r  more o f  these 
mechani sms . 



I n  conclusion, there are many successful transfers o f  NASA 
technology. They typ ica l  l y  involve the appl i ca t ion  o f  new capabi l- 
i t i e s  t o  improve indus t r ia l  products and processes. The transfer  
process has been planned, managed and integrated i n t o  corporate 
strategies t o  achieve goals. 
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The work that  the NASA (National Aeronautics and Space Administration) 
4,s conducting i n  the u t i l i t y  system f i e l d  has i t s  genesis i n  the manned 
space f l i g h t  program. I n  each o f  these programs we pu t  i t  a l l  together 
considering e lec t r i ca l  power, water supply, heating, vent i la t ion and 
a i r  conditioning and l i q u i d  and so l i d  waste management. 

We put i t  a l l  together f o r  33 hours i n  the Mercury Project. We put It 
a1 1 together for 14 days i n  the Gemini and Apollo Programs. We put i t  
a l l  together for 84 days i n  the Skylab Program. During the period o f  
time when Mercury, Gemini and Apol l o  were i n  the design, development 
and f l  i g h t  phases we were pu t t ing  i t  toqether, i n  conceptual design, 
for one t o  three years i n  the Space Stat ion Study Act iv i ty .  A review 
of the foregoing as i t  relates t o  put t ing i t  together i n  the manned 
space f l i g h t  ef for t  where energy and natural resource conservation 
and environmental qua1 i t y  are o f  fundamental importance, can be 
stated as follows. 

Mercury, the f i r s t  manned spacecraft, was designed t o  operate for 24 
t o  28 hours. I t s  u t i l i t i e s ,  e l ec t r i c  power, cooling and dr inking M t e r  
supply, atmospheric oxygen, and contamination control were provided by 
nonrecoverabl e consumabl es, i . e., the power was provided by batteries, 
the cool ing by evaporation o f  stored water, dr inking water was stored 
as was the breathing oxygen, and the carbon dioxide and odors were 
control l ed  by combining wi th 1 i thium hydroxide and absorption by 
act ivated charcoal, respectively; both of which were stored. Waste 
l i qu ids  and sol ids were stored and returned t o  earth, as were the 
expended bat ter ies and 1 i thium hydroxide cannisters. Gemini and Apol l o  
can be considered equivalent regarding t he i r  u t i l  i t y  and 1 i f e  support 
systems. Both spacecraft were designed for 14-day missions. I n  order 
t o  reduce the weight o f  the spacecraft, which determines the performance 
of the launch vehicle, careful consideration was given t o  reducing the 
expendables and consumables i n  the design of the u t i l i t y  and l i f e  
support systems. Power was supplied by a hydrogen/oxygen fuel c e l l  
which, as a byproduct, produceu the dr inking water supply i n  Apollo; 
cool ing was provided by space radiators , a nonconsumabl e/nonexpendabl e 
heat re jec t ion technique; breathing oxygen supply was integrated wi th 
the e l ec t r i ca l  power system oxygen supply; carbon dioxide was control led 



by l i th ium hydroxide; l i q u i d  waste was dumped; and so l i d  waste was 
stored. I n  Sky1 ab, another techno1 ogical improvement was imp1 emented . 
The e lec t r i ca l  power was provided by solar c e l l s  which require no 
expendable supplies. It should be noted that  a1 1 o f  the frequency 
power suppl ies  were environmentally noncontaminating . 
I n  the Space Station system conceptual design, greater emphasis was 
placed on reducing expendables, recycl ing material s and conservation 
of energy. I n  the conceptual design o f  the u t i l i  t y  and l i f e  support 
system, power was provided by solar cel ls ,  cooling was effected by 
space radiators, recycled water was used f o r  drinking, breathing oxygen 
was derived from the water supplies, and carbon dioxide was concentrated 
and reacted wi th  hydrogen remaining from the water-derived oxygen t o  
produce additional water. L iquid waste was therefore recycled and 
so l i d  waste was processed t o  reduce i t s  volume and produce energy. Any 
residual energy from the power system, sol i d  waste system, etc., was 
used for ather u t i l i t y  purposes such as vehicle heating o r  increasing 
the efficiency o f  other systems, i. e,, the e f f ic iency o f  the water 
recycle system was increased by using residual heat t o  enhance the 
process efficiency. 

Table 1 depicts the various space vehicles' u t i l i t y  and l i f e  support 
systems and shows the design trend f o r  reuse, recycle of energy and 
resource conservation practiced i n  the t o t a l  integrated system engi - 
neering approach t o  u t i l  i t y  system and 1 i f e  support system design. 

It can be seen tha t  the NASA has designed and operated highly ef f ic ient  
u t i l  i t y  systems for many years and has been conceiving advanced systems 
which carefu l ly  consider resource conservation and contamination control . 
As an exercise i n  aerospace technology application, i n  1971 the NASA 
prepared a report describing an apartment house design wi th  an on-site 
power system which recycled residual thermal energy that  usually would 
have been wasted, and used i t  f o r  heating, cooling and o t h e r 4 t i l  i t y  
functions. I n  addition, the apartment featured the incineration of i t s  
so l i d  waste and the recovery o f  the energy from tha t  system. A degree 
of water recycl ing was also incorporated i n t o  the design. I n  other 
words, a zero a l t i t ude  space stat ion was designed. The resu l t  was that  
fn  1972, NASA began norking on the MIUS (Modular Integrated U t l l i t y  
System) wi th HUD {Department o f  Housing and Urban Development). The 
MIUS designs feature hardware tha t  can easi ly be bought; nothing 
special ly designed. Figure 1 characterizes MIUS and i t s  constraints. 
Figures 2 and 3 depict the conventional method o f  providing u t i l i t i e s  
and the MIUS concept, respectively. I n  conventional practice, the 
power i s  generated remote t o  the using s i t e  and the heat emergy i s  
rejected t o  cooling water. In addition, fur ther  energy loss i s  
encountered i n  transmitt ing the power t o  the using s i te ,  The 



s o l i d  waste i s  e i t he r  car r ied  t o  l a n d f i l l  o r  incinerated wi thout  
recovering the heat energy. The 1 i q u i d  waste i s  col lected and 
processed a t  a remote s i t e .  The potable water i s  p u r i f i e d  a t  a 
remote s i t e .  I n  the MIUS, a l l  services are produced "on-si t ea  so 
t o  speak. This permits the recovery of heat energy from the power 
system and the sol i d  waste t o  be used for  other u t i l i t y  functions, 
i . e., space heating, cooling, water heating o r  other u t i l i t y  
processes such as water pur i f i ca t ion .  The volume o f  sol i d  waste t o  be 
disposed o f  i s  g reat ly  reduced since the combustible components are 
processed f o r  heat energy. The l i q u i d  waste i s  a lso reduced i n  quant i ty  
since a por t ion  o f  the "on-si te"  processed l i q u i d  waste i s  recycled i n  
cool i ng  towers and used i n  subsurface i r r i g a t i o n .  Simi lar ly ,  t h i s  
water use reduces the quant i ty  o f  input  water required. Further, the 
l i q u i d  waste from the s i t e  i s  no t  the c lass i c  l i q u i d  waste (sewage) 
but  t e r t i a r y  water. 

The MSUS p ro jec t  i s  sponsored by HUD w i t h  the major technical studies 
being conducted by the NASA JSC and the AEC (Atomic Energy Comnission) 
a t  Oak Ridge National Laboratory, w i th  cooperation from the U, S. 
EPA (Environmental Protect ion Agency), and the NBS (National Bureau o f  
Standards) of the Department o f  Comnerce, tne DoD (Department of 
Defense), the Department o f  Health, Education and Welfare, and the 
Office o f  Coal Research. The NAE (National Academy o f  En ineering) 
has established an IUSB (Integrated U t i l i t y  Systems Board 3 t o  provide 
an independent assessment o f  the program. The members o f  t h i s  board 
are senior professional s representing the academic comnuni t y  , research 
sector, arahi tectura l  and engineering professions, 1 abor comnuni ty,  
loca l  u t i l i t i e s  and u t i l i t y  regulatory agencies, l oca l  environmental 
and p i  anning agencies, the investment comnuni ty, and manufacturing 
corporations. 

The NASA par t i c ipa t i on  i n  the MIUS program i s  being provided by the 
USFO (Urban Systems Project  Office) of the Johnson Space Center which 
was established i n  1972. The o f f i c e  includes spec ia l i s ts  i n  power 
generation, water processing, sol i d  and I i q u i d  waste management, heating, 
ven t i l a t i on  and a i r  conditioning, materials, monitoring and control  
instrumentation, systems in tegra t ion  engineering, math modeling/computer 
analysis, thermodynamics, and u t i  i i t y  d i s t r i b u t i o n  system design. They 
are supported by professional a rch i tec ts  and personnel special i r i n g  i n  
economic analyses. 

A1 though each of the NASA engineers assi  yned t o  the MSUS team had 1 i t t l e  
experience i n  c i v i l  systems per se, t h e i r  high degree o f  t r a i n i n g  and 
experience i n  systems engineering and in tegra t ion  o f  complex technological 
systems allowed an accelerated adaptation t o  t h e i r  new assignments. A 
space s u i t  engineer became a water and 1 i q u i d  waste specia l is t ;  an 
expendabl es analysis engineer became a sol i d  waste management engineer; 
a s t ruc tura l  engineer became the subsystems o f f i ce  manager, a guidance 



and control system design spec ia l is t  provides management of the 
systems engineering off ice, etc. 

This current work consists o f  two magor elements. The f i r s t  i s  t o  
conduct integrated design and analyses (conceptual design studies) t o  
investigate the f e a s i b i l i t y  o f  the MIUS concept as an a1 ternate method 
of providing u t i l i t y  services t o  cornunities and/or community f a c i l i t i e s  
having advantages over current practices. These advantages could be 
natural resource conservation, i . e . , materials and energy, environmental 
qua l i t y  r e  water and a i r  pol lut ion, land use benefits, i . e., make land 
available f o r  use tha t  otherwise would not be developed, and economic 
v i a b i l i t y .  The second element i s  t o  procure and operate, i n  a test ing 
mode, a large-scale testbed o f  the MIUS concept i n  order t o  evaluate 
and t es t  those integrated system technl ia l  de ta i l s  that  do not  lend 
themselves to analysis. These include materials compatibil i ty, process 
instrumentation and control, p red ic tab i l i t y  o f  water and a i r  effluents, 
techniques o f  heat recovery, method o f  thermal d i  s t r i  bution, etc . 
The conceptual design studies conducted t o  date a t  JSC demonstrate the 
appl icat ion of the MIUS concept t o  garden ppartments, a high-r ise 
o f f ice  building, a regional shopping center, a hi?h-r ise apartment 
complex, a school, a hospital and a comnunity o f  110,000 population. 
These parametric analyses which were based on detai led point  designs 
have establ ished the sens i t i v i t y  o f  appl i ca t ion  o f  the u n i t  w i t  . respect 
t o  t o  f a c i l  i t y  type and size and associated environmental effects. The 
matrix of these design studies are shown i n  f igure 4. I n  the case of 
comparing the conventional methods and the MIUS design i n  providing 
u t i l i t y  services t o  a 648 1 i v i ng  u n i t  garden-type apartment complex 
located i n  the Houston environment, an energy savings o f  33 percent can 
be achieved wi th  the MIUS design as compared t o  conventional practice. 
With t h i s  saving i n  energy, a 9 percent reduction i n  fresh water supply, 
48 percent reduction wastewater e f f l uen t  and 74 percent reduction i n  
sol i d  waste could be achieved. Furthermore, the wastewater effluent 
would be o f  a qua1 i t y  which would permit discharge d i r e c t l y  t? the 
environment v ia  the storm water management system. 

An energy savings of 23 percent and 36 percent respectively, was 
real ized when a s imi lar  analysis was performed on a 730,000 squard 
foot shopping center and a 12-story high-use apartment complex located 
i n  the Houston environment. 

When the analysis was performed on a conceptually designed new c i t y  
of 110,000 ?opulation, the energy savings was 38 percent, fresh water 
supply was reduced by 17.5 percent, wastewater ef f luent  volume was 
reduced by 27.1 percent and the so l i d  waste volume f o r  ult imate land 
placement was reduced by 80 percent by the use o f  the modular integrated 
design system technology. Needless t o  say, the appl icat ion of t o ta l  
system design concepts and and analysis, so famil i a r  i n  aerospace 



engineering, i s  appl i cab le  and adaptable t o  t h i s  type of f a c i l  l t y  and 
c m n i  t y  design and resul  t s  i n  measurable benefits. These ana ly t ica l  
studies should have a very measurable impact on energy and natural 
resource u t i l  izat ion,  environmental qua1 i ty, 1 and use, and fundamental 
comnuni t y  design strategy . 
The la rge scale testbed, which i s  the second element i n  the HUD NASA 
program, supports the ana ly t ica l  studies. A contract  was awarded t o  the 
Hamilton Standard D iv is ion  of United A i r c r a f t  Corporation ea r l y  I n  1973 
t o  design and construct the testbed integrated u t i l  i 
cal  l e d  the MIST (MIUS Integrat ion and Subsystems Test y 1 system* aboratory. It is The 
f a c i l  i t y  was completed i n  Apr i l  1974 and i s  cu r ren t l y  producing t e s t  
data. I n  the MIST, e l e c t r i c a l  power i s  generated by a d iese l -e lec t r ic  
generator and the engine's waste heat i s  recovered f o r  use i n  the 
heating and a i r  condit ioning and sewage treatment processes. A con- 
ventional inc inerator ,  which meets a1 1 EPA standards, i s  used t o  burn 
trash and other s o l i d  wastes inc luding sewage sludge. Here also, the 
waste heat i s  recovered f o r  use e l  sewhere i n  the system. A i r  condit ion- 
i ng  equipment i s  a combination o f  mechanical and absorption c h i l l e r s  
and heating i s  a conventional ho t  water system. Hot and co ld  thermal 
storage tanks are a1 so provided t o  improve system ef f i c iency .  Sewage 
treatment i s  accomplished i n  a mul t is tep process which includes f i l t r a -  
t ion, physical chemical , I  reverse osmosis and chlor inat ion,  The p u r i f i e d  
water i s  then used I n  the cool i ng  tower o r  returned t o  the environment. 
The MIST laboratory i s  designed i n  such a manner t h a t  a1 tsrnate advanced 
subsystems can be i n s t a l l e d  and evaluated. Examples of r h i s  are as 
follows: the inc inera tor  can be replaced w i t h  a pyro lys is  module; the 
diesel engine can be replaced by a fuel c e l l  o r  supplemented w i th  a 
bottoming cycle turbine; components o f  the heating, v e n t i l a t i o n  and 
a i r  condit ioning funct ions can be replaced by heat pumps; d i f f e r e n t  
concept l i q u i d  waste process equipment can be used ra ther  than the 
cur rent ly  i n s t a l  1 ed concepts, e tc  . 
It i s  believed t h a t  the Urban Systems Project  O f f i ce  i s  a unique 
technical capab i l i t y  w i th in  the NASA which can be u t i l i z e d  t o  assess 
technical approaches t o  compel 1 i n g  nat ional  problems associated w i th  
energy, environment and natural resource conservation. The USPO group 
i s  h igh ly  t ra ined i n  the systems and t h e i r  subelements due t o  t h e i r  
previous background i n  " t o t a l  " engineering o f  manned spacefl i g h t  
systems. This capabi l i ty ,  as wel l  as arch i tec tura l  and economic 
c r e d i b i l i t y ,  we br ing  t o  bear on current  "earth people" problems. The 
t o t a l  integrated system design and analysis permits the assessment of 
presently avai lab1 e and advanced technological concepts and provides 
quant i ta t ive  data t o  permit the proper focus o f  technology developmen'i 
programs and t o  more i n t e l l i g e n t l y  select  the most benef ic ia l  and 
v iable a1 ternate concepts to imp1 ement i n t o  the socio-economic 
"real " world. 
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THE MIST (MIUS INTEGRATION AND SUBSYSTEMS 

TEST) LABORATORY: A TESTBED FOR THE MNS 

(MODULAR INTEGRATED UTILJTY SYSTEM) PROGRAM 

W. S. Beckham, Jr. 
F. A. Keune 

ABSTRACT 

The MIUS program being conducted by NASA JSC is sponsored 
by the Department of Housing and Urban Development to develop 
an economically feasible integrated utility system. The MIUS con- 
cept integrates utility services in order to achieve resource, 
energy and environmental benefits. The NASA's role in the pro- 
gram is to conduct design studies to determine the feasibility of 
MIUS as a viable and acceptable alternate to utility service pro- 
visioning. 

Toward this end, the NASA Urban Systems Project Office at 
JSC awarded a contract to the Hamilton Standard Division of 
United Aircraft Corporation, in mid 1973 to design and construct 
a testbed integrated utility system called the MIST laboratory. 
The facility was completed early in 1974 and has begun a long-term 
program to develop data for MIUS. A description of the MIST is 
presented and the critical design issues which can only be verified 
by test, are discussed in detail. 

INTRODUCTION 

In a multiple-agency program to provide the essential utility 
services in anew or  renewal community in an improved manner 
with advantages in increasing the efficiency in use of energy and 
other natural resources, in decreasing the total impact of the 
community on the environmerit and in reducing tot al costs, a major 
project has beea initiated by the U. S. Llepartment of Housing and 
Urban Development to develop a MIUS (Modular Integrated Utility 
System). In this system i t  is proposed to integrate the essential 



community utility services for the production of electric power, 
space heating and cooling, potable water, and the processing of 
liquid (sewage) and solid (garbage and refuse) waste for maximum 
use in production of water, electric power, and space heating and 
cooling. Energy conservation is achieved in this system through 
the optimum transfer of energy between all basic functions within 
the integrated plant. The MIUS can be located near appropride 
users to minimize the utility service distribution infra-structure 
costs which are traded against economics of scale. In addition, 
the approach maxitnizes the potential of factory assembly thereby 
reducing the time from planning to the delivery of services. The 
MIUS plant can be designed to operate independently of all existing 
facilities or  may be grid connected to a regional power system. 

The MIUS project is sponsored by HUD with the major 
technical studies being conducted by the National Aeronautics and 
Space Administration (Johnson Space Center) and the AEC (Atomic 
Energy Commission) at Oak Ridge National Laboratory, with 
cooperation from the U. S. EPA (Environmental Protection Agency), 
and the NBS (National Bureau of Standards) of the Department of 
Commerce. More recently, the DOD (Department of Defense) and 
the HEW (Department of Health, Education and Welfare) joined the 
MIUS team. The NAE (National Academy of Engineering) has 
established an IUSB (Integrated Utility Systems Board) to provide 
an independent assessment of the program. The members of this 
board are senior professionals representing the academic profes- 
sions, labor community, local utilities, the investment community, 
and manufacturing corpor &ions. 

What MIUS does is to "recycleff energy by "packaging" into 
one processing plant all of the five utility services necessary for 
community development: 

a. Electricity 
b. Space heating and air conditioning 
c. Solid waste processing 
d. Liquid waste processing 
e. Residential water purification 

Conventional methods of gener ding electricity do not utilize 
about 65 percent of the energy input for power generation. How- 
ever, this energy appears in the cycle as "excess " heat, normally 
rejected to water as a thermal pollutant. MIUS recovers better 
than half of this rejected energy and uses it  for space heating, air 
conditioning, water heating, water treatment, and liquid waste 
treatment. An additional 5-10 percent fuel savings is made by pro- 
cessing the combustible solid waste for its energy conteat. 



Therefore, in addition to saving energy, the MNS concept 
minimizes the adverse environmental impact by reducing thermal 
pollution from the energy of electricity, air pollution from fuel 
combustion, water pollution from sewage, and land pollution from 
solid waste disposal. 

In support of the MIUS program analytical design studies, it 
was decided to desig:.~ and cons t~~uc t  an integrated utility system 
testbed called the MIST (MIUS Integration and Subsystem Test) 
Laboratory. A contract was awarded to the Hamilton Standard 
Division of United Aircraft Corporation to design and construct the 
i t .  Design competition occurred in June 1973. The facility was 
completed in April 1974 at the NASA JSC in Houston, Texas. 

The current MIST configuration is composed completely of 
off-the-shelf hardware. The system hits been designed, however, 
to  allow incol-por ation of xivmced component units with minimum 
rework. 

The primary objectives of the MIUS program arv threefold: 

a. To resolve key MIUS subsystem design issues. 
b. To provide data for calibration and verification of 

w,dytical computer desibm models used in MIUS analysis and 
desigl activities. 

c. To pt-ovidc a floxible testbed for evaluation of future 
design concepts and h : ~ ~ ~ d w u ~ c  units as well as alternate modes of 
ope~~ation. 

The systems description section reflects the various operating 
modes. Key issues of MIUS designs to be investigated in the initial 
ser ies  of tests follow the description. 

The initial MIST unit, composed entirely of i tems of commerce; 
i. c. , off-the-shelf hardware, consists of five subsystems. Figure 1 
is n model of tho system as it is presently configured. The power 
generation subsystem's central w i t  is a 230 kW diesel engine- 
ge~lct.atox. which provides electrical power to run the internal load 
for RI [US simulation. IIcrit 1.ecovet.y loops from the engine jacket, 
oil cooler ruld C ~ I L I L I S ~  heal ~xch;t 'lge~'s p~ovide  three levels of 
I 11'. t.ln;ii cncbt~gy fol. usc int e!.nally aid fors extc!rnd loads. A 
heal.ing and a i l .  conditioning subsystem, wllich includes a 25-ton 
;J)sol-ption and ;1 2 3-1 12 -!.on ccnt~~ifugal  cornpl.ession water chiller., 



is tied to the thermal loops from the power generation subsystem 
and uses the available electrical and thermal energy to provide 
environmental conditioning to an external load. The subsystem 
also includes hot and cold thermal storage capability. A solid 
waste management subsystem, featuring a 70-lb/hr (100-lb /hr 
madmum) incinerator with waste heat recovery equipment, serves 
to dispose of solid waste and sludge from the wastewater treatment 
subsystem and can be used as a thermal topping device for balance 
of the thermal circuits. A wastewater subsystem processes 
effluent waste and directs sludge to the solid waste management 
subsystem while returning w atel., which appro aches pot able quality 
for cooling tower makeup o r  to the environment. Principal elements 
in this subsystem include physic al/chemical treatment bio - 
logical waste treatment, reverse osmosis units and disinfection 
equipment. These subsystems are  controlled and monitored by an 
instrumentation and controls subsystem which provides automatic 
sensing and/or control of energy utilization within the system, 
optimization of operator requirements and insur rnce of a minimum 
level of services to user functions of the MIST unit. Detailed 
descriptions of the subsystems follow. Tabl'e 1 l is ts  the manufac- 
turers  of the presently installcd hardware elements. 

Power Generation Subsystem 

The power generation subsystem generates, conditions, 
regulates, and controls electrical power for the simulated and 
internal loads of the MIST.' The power generation subsystem 
consists of a diesel engine-generator set with waste heat recovery 
units on the engine exhanst stack, the engine lubrication oil, and 
engine water jacket loops. The characteristics of the MIST diesel 
engine -generator set is as follows: 

a. Peak Demand 230 KW 
b. Volt age 480 VAC -3 Phase 
c. Frequency 60 HERTZ 
d. Po-.ver Factor 0.8 Min 
e . Regulation Voltage: f 1% 

Frequency: f .56/0 

To enable the evaluation of alternate operating modes, the 
unit is configured such that i t  can be cooled in a forced-water 
circulation mode, or  in an ebullient cooled mode. Appropriate 
heat recovery units are installed in each of the cooling loops to 
allow for the reclamation and use of the thermal energy. 

Thermal energy is recovered at 130 deg F., 216,000 BTU/Hr 
off the oil/aftercooler; at 180 deg., or  220 deg F., 558,000 BTU/Hr 



off the engine jacket; and at 250 deg F., 666,000 B T U / H ~  off the 
exhaust. 

HVAC (Heating, Ventilation and A i r  Conditioninp) Subsystem 

The HVAC 
using facility. 
energy recover 

subsystem provides heating and cooling to the 
It has the capability to store and utilize thermal 

-ed from the power generation subsystem and the 
incinerator. 

Cooling is provided by means of chilled water produced by a 
2 5 -ton absorption unit driven by 15 psig steam and 2 3.5-ton com - 
pressive unit. The base load is satisfied by the absorption 
machine and peak demands by the 5-step compressive unit. The 
cooling loop is equipped with a 2600-gallon cold storage tank c apa- 
ble of storing 288, 000 BTU. To evaluate multiple modes of 
rper ation, the system can switch the storage tank to either the up- 
strewn o r  downstream side of the chillers. In this fashion, load 
on the chillers can be miniraized under all operating conditions, 
and the A T  recovery range of the storage range of the storage 
tank expanded. Chilled water delivery to the user is controlled 
to 44 f 2 deg F. Total cooling capacity of the system ranges up to 
48.5 tons. 

Stearn and/or hot water recovered through heat exchmgers 
interfacing with the engine and incinerator is used to satisfy a 
500,000 BTU/Hr space heating requirement, plus the domestic hot 
water demands of the using facility. In addition, thermal energy 
is used to enhance the operation of the wastewater treatment plant. 
The heating circuit contains a hot thermal storage tank of 2600 
gallons, capable of storing 1,220,000 BTU. 

The inclusion of thermal storage tanks in the system allows a 
closer matching of the load-demand profiles imposed on the various 
subsystems by a using facility. This will result in a reduction in 
energy input requirements, thermal energy wasted to the environ- 
ment, and equipment size to meet a particular requirement. 

A 175-ton capacity wet-cooling tower is provided to meet 
equipment operating limits and to allow portions of the system to 
be operated independently of one another for test flexibility. 

Wastewater M anagcment Subsystem 

The wastewater management subsystem can process up to 
7000 gallons per day of municipal scwagc and subsystems blow- 
dowri wal.c11.. 'I'llc* cffluc~lts ruse pur.ificd w atcr and sludgc. The 



sludge is used as a supplemental fuel for the incinerators. The 
effluent water is intended to have a quality that approaches potable 
winter, but is used only as subsystems makeup water. 

Principal elements of the subsystem include a physicall 
chemical treatment plant, a biological treatment plant and a 
reverse osmosis unit. F o r  test purposes, the units a re  inter- 
connected so  that they can be used to process the waste s t ream 
individually o r  in any combination. 

The subsystem has heat exchanges interfaced with the thermal 
loops so  that the effects of various controllable temperature levels 
can be evaluated. 

The output stream, of essentially potable quality, ca? be 
sterilized by chemic al and /or  thermal means. 

Solid Waste M anqement  Subsystem 

The solid waste management subsystem consists of an 
incinerator, with i t s  loader equipment, which burns solid waste 
and sludge, producing thermal energy which is exhausted out the 
stack through the HRU to produce steam. The incinerator 
capabilities are: 

Solid Waste: 
Refuse: 300 lb/day of type 2 t rash  
Sludge : 125 lb/day of 2 -20 perc 2nt solids sew age sludge 

Burn Rate: 
Design Point: 70 lb /hr  
M aximum : 100 lb /hr  

The loader is a hydraulic ram which injects a premeasured 
load into the incinerator on command. 

At full load, 350,000 B T U / H ~ .  of thermal energy in the form 
of 15 psig steam can be recovered for us? in the thermal loop. 

Control 'and Monitoring Subsystem 

The operational control monitoring subsystem controls and 
monitors the various subsystenls functions contii~uously. The 
system displays to the o7erator 33 temperature and 12 pressure 
measurements crit ical  to system operation. It also displays and 
provides central control for electrical parameters,  valve positions, 
and conductivity readings. 



In addition to the operational instrumentation, an extensive 
R&D instrument ation capability has been overlaid on the system. 
The measurements include 42 temperature, 41 flow, 33 pressure 
and 5 level sensors.  This instrumentation, in addition to the 
temperature and pressure sensors  in the oserational system, i f  
fed directly to a magnetic data tape system for recording. The 
operator can call up for display, in analog form, any of these 
measurements for realtime evaluation. 

KEY DESIGN ISSUES 

Thermai Integration and Distribution Techniaues 

MIUS efficiencies a re  dependent on the maximum utilization of 
excess thermal energy. T h e r e f ~ r e ,  any cost effective technique 
which e n h a ~ c e s  the recovery aqd ultimzte use of waste heat aids 
in the ultimate improvement of the MIUS operating efficiency. 

Thermal integration of MIUS subsystems requires that five 
thermal  entities; normally, the prime mover --incinerator heat 
loop, coolhg load loop, heating load, loop, heat rejection loop, 
and the WMS (Wastewater Management Subsystem) thermal loop, 
be operated as an integrated thermodynamic system. The use of 
hot and cold thermal storage, variable incinerator burn schedules, 
and the reclamation of low grade heat to process aqd heat water are 
primary techniques affecting efficiency of the MIUS operations. 
Because of the cyclic load conditions of each subsystem, their 
thermal characteristics must be examined for hourly, daily, and 
seasonal variations. Thermal balance between multiple heat loads 
and heat sources requires that functional characte;istics of the 
MIUS equipment and their interfaces by analyzed under operational 
con.fitions to determine the maximum energy savings. The selected 
MIST thermal excl~ange equipment, being off -the -shelf hard ware 
with rn any hours of proven opsrating time and reliability, must 
perform over the full range of l o d  conditions in accordance with 
a predictable set  of  parameter.^. 

The data  required to  determine the effectiveness of the thermal 
integration include: 

a. Thermal energy available from the prime mover and 
incinerator. 

b. Energy utilization and efficiency of cooling and heating. 
c. Thermal energy transfer and efficiency of transfer equip- 

ment between various subsystems. 
d. T'nermal energy available durins off-peak periods for 

storage and utilization during subsequeilt peak time. 



e. Heat rejection to  the environment, 

Thc test article is instrumented to measure interfacial transfer 
of thermal energy between subsystems. Transfer. media flow rates,  
temperature, and pressure for both inlet and outlet points at all 
interchanges and condensers a re  measured. 

The data required to measure and assess  the distribution heat 
gains and losses, a~ well as the power required to  transport 
thermal energy, include: 

a. Quantity and quality of thermal energy from the p.rimr. 
mover and incinerator. 

b. Measure of condensate-generate aqd makeup rec .- i in 
steam systems. 

c, Heat loss/gain in distribution  letw works. 
d. Power required for subsystem and system distribution and 

heat rejection. 

Instrumentation is provided for measuring the distribuiion 
parameters of flow rates,  pressures  and pressure dropd, temper- 
atures and temperature changes, and pump power for steam and 
condensate lines, and all fluid distribution lines where thermai  
energy is transported and transferred. 

Thermal Storage 

The MIUS attempts to even out the periods of thermal enerey 
imbalance between subsystems through the use of hot and cold 
thermal s tor  age. The efficient collection and storage of thermal 
energy at off-peak periods for utilization during peak periods as a 
supplementary energy source t o  optimize the energy savings is a 
prime issue. 

Multiple arrangements have Seen made to  tes t  storage charging 
and discharging, as well as storage location, upstream and down- 
strecam, of the absorption and compression chillers. Modulation 
of u s x e  for chilled water and stored cold water shall be studied. 
Generation of chilled water for stor age during off -peak hou p.s for 
utilization during the subsequtlilt peak periods will be studied to  
determine "peak shaving" capabil.ity. Collection and s tor  age of 
hot water f ~ r  heating will be made in conjunction with peak electri-  
c a1 loading for use during low electrical load and high heat dcm and. 
The incinerator will operate to supplement additional high grade 
heat requirements. Incinerator load following will be investigated, 
Charging and usage rates  of the thermal eliergy tanks will be deter- 
mined. Instrument ation measurements shall be 13 ade to determine 



the inlet and ovtlet temperatures, modulated flow rates,  tank 
pressures ,  and capacities of the thermal energy ~ a n k s .  

R'I ixed Mode Air C ond'tioninq 

Energy savings resulting from the combined use  of absorption 
aqd compression chil.lers, where the absorption device c a r r i e s  the 
base load commensurate with the avdlablr high grade i l e a  frnm the 
prime mover and incinerator, is a key MIIJS issue. 

Performance and opeioational data  is needed :o d3fir.e optimum 
variable and supplementary combin ations of chiller outputs. Addi - 
tional information is needed to verify alternate methods o l  using 
hot and cold thermal storage in a combination absorption/compres- 
sion chiller system. Data required to  evaluate mixed mode air 
conditiotllng include: (1) St artup and shutdown ope ration a1 par am - 
eters,  (2) individual chiller coefficients of performam ,I, and (3) 
combined chiller coefficients of performmce. 

Integration of Subsystems Controls and Displays 

Since MIUS will utilize waste products of one o r  more 
subsystem (water, heat, sludge for fuel, etc. ) as a pr imary input 
for another subsystem, this interdependency must be cwefully 
controlled. The control of one subsystem process must be governed 
not only by the loads to  be met by that process, but also by the ether 
processes which provide the energy input. A unit may not have the 
luxury of shutting itself off when l o d s  decrease below i t s  maximum 
efficiency i f  i t s  product is required by another subsystem. A mod- 
ulation of the various sllbsystems will achieve an overail optimum 
level of operation which most effectively utilizes available energy. 

The evaluation of the MIST, with respect to the operational 
levels of the individual units, must be accomplished such that the 
relationships between units can be optimized. A thorough engineer- 
ing analysis of the MIST will provide these data. 

At present the MIST control and monitoring equipment has  a 
limited capability. Cost  factors forced the selection of scme 
manudly opei iiled valves a d  switches in the control application of 
the integrated subsystems. An effort to  develop and describe the 
rn anual m anipulations for optimum performance will I )e implemented. 
F rom this baseline a simulation effort car then be initiaied utilizing 
available analytic d pr.ograms. The definition of the h.wdware mod - 
ifications to incorporate more of the automatic operations into the 
tvs tbcd will then bc p~.ovidcd. 



The MIST comprises several subsystems which are to be 
operated as an integrated unit. The display of control and moni- 
toring information for any one of such subsystems is quite conven- 
tional as in oi!., cheinic a,, and utilities installations. However, 
since the MIST the parameters of one subsystem directly influences 
another, the information must be easily related through the displays. 
Groupings of related parameters in various process loops is limited 
in the MIST. However, a MIST installation will require such an 
arrangement of monitoring displays. This would allow the operator 
t o  scan a given segment of the control panel to determine status of 
a process. The evaluation and testing of the MIST will  provide the 
experience in dealing with the various thermal, electrical and 
water treatment loops that is necessary to associate the parameters 
in moll easily recognized formats. 

The evaluation testiag of the MIST wil l  provide the required 
display requirements data. These data will be largely the results 
of ideas for impi-oving operations and the dis?lay relations over 
that which has been impleme,lted on the MIST. New proposals and 
innovative techniques will be the most significant outcome of this 
evaluation . 
Incinerator Perform a c e  Evaluation 

Small, high performance, non-polluting incinerators with heat 
recovery capaiility are presently low production items. As a 
result, very little thermal performance and operational data exists 
that can be directly applied to MIUS designs. Specific subsystem- 
level data needed include: 

a. Incinerator heat recovery efficiency. 
b. Design and operational improvements to optimize efficiency. 
c. Feasibility of refuse and sludze disposal in one incinerator. 
d .  Ide~ltific ation of performance with various mixtures of 

sludge and refuse. 

System-level considerations involve determination and 
evaluation of incinerator performance where the incinerator is 
required to burn solid waste and supply steam according to pre- 
selected hourly profiles. In this case, the interfaces with other 
MIITS and facility load elements are extremely important. For  
example, the type and quantity of solid waste will influence heat 
production /recovery. Also, the thermal demand profile as 
dictated by facility type, will determine burn duration times, incin- 
erator conditioning requirem --a, and quality of steam produced. 
In addition, the system level requirements (solid waste constituents, 
burn times, h e 1  input) that will have a direct bearing on incinerator 



exhaust gas emissions characteristics, is a key design issue for 
MIUS. 

Instrumentation is provided .:o permit measurement of exhaust 
grt? temperatures and flow rates, combustion air properties, 
boiler feed water temperatures, and incinerator fuel oil flow rate. 
Laboratory calorimetric analysis of input refuse, a1ud;e and ash 
w i l l  be performed. 

MIUS Effluel~t Characteristics 

MIUS effluents consist of prime mover exhaust emissions, 
solid waste process byproducts and exhaust emissions, water 
supply, and wastewater treatment system effluents and unusable 
waste heat from prime movers and environmental conditioning 
systems. 

A MIUS prime mover (e. g., gas turbine, diesel, o r  gas 
engine) will typicdlly use fossil fuels (natural gas, fuel oil, coal) 
as  the prime energy source and air as the oxidizer. Exhaust 
emissions of concern from such engines consist of unburned hydro- 
carbons, nitrogen oxides, s l~lfur  oxides, carbon monoxide, and 
particulates. Because of government emission standard 3, engine 
exhaus: constituents are an engine selection cr i ter ia  and, therefore, 
a system design issxe. The test arlicle therefore includes a repre- 
szntative MIUS prime mover and provisions for sampling engine 
exhaust einissions. 

A MIUS incinerator w i l l  typic ally burn solid waste and 
dewate~ed wastewater sludge. Elements of the exhaust emission 
of interest are particulates, hydrogen cl~loride, nitrogen oxides, 
and heavy metals. Current federal emission standards for incin- 
erators  specify particulate emission cr i ter ia  only. Operation with 
acceptance environment il effects is an import ant MNS consider a t i o ~ .  

The MIUS wastewater treatment system will typically process 
a combination of domestic wastewater and cooling tower blowdown 
water. The system w i l l  utilize a combination of bioloc$cal and 
physical/chemic a1 processes in the purification scheme. Although 
nu federal standards exist, Public Law 92-500 defines a national 
goal of the elimination of the discharge of water -carried pollut a ~ t s  
into navigzhle waters by 1985. Wastewater effluent is controlled, 
however, by various s t  ate and loc aJ. regulations which vary greatly 
from one area  to another. In general, these regulations may 
control the amount of oxygen demand, nutrient, bacteria, and heavy 
metals which can be contained in +he treated discharge. The MIUS 



discharge should be equal 01. superior to my  clischat.gc~ st ;wid atd 
now used in the United States. 

Closed-loop cooling tower systems have beet1 operated 
successfully, as have open-loop cooling towers utilizing waste - 
water. The following information is required to evaluate system 
performance: 

a. Power requirements 
b. Cooling tower water quality requirements 
c. Cooling tower additive requireme:lts 
d. Reverse osmosis brine quantity 
e . Reverse osmosis brine dispos a1 problems 
f. Reverse osmosis concentration factors 

The equipment is designed and instrumented to make the 
following measurements and samplings : 

a. Power consumption and demand 
b. Chernj-cal additive quantity 
c. Water flow rates  
d. Water pyessures 
e . Conductivity 
f. C hemic a1 analysis 

Very little work has been done in the past to investigate the 
advantages and disadvantages of heat utilization in the various 
water treatment processes. In the MIUS, waste heat is available 
and since the indications are that heat will improve most treatment 
processes, the MIST will address the use of heat for process 
improvement from wastewater temperature stabilization to disin - 
fection. The reqoired information in this a rea  includes: 

a. Disinfection potential 
b. Heat quantities requirements at various differential 

teinperatures 
c. Process efficiency variation at different temperatures 
d.  Potential for heat drying of reverse osmosis brine and 

sludge 

The system is bistrumented to determine system thermal 
balance, temperatures and tempel-ature differentials, and water 
flow rates. Also treated wastewater samples are taken and 
labowatory analysis is performed to determine the effects of 
therm a1 conditionir~g. 



Nowhere have the processes proposed for MIUS beer utilized 
as a system to provide complete wastewater treatment wi'lr a mixed 
d3mesfic and cooling tower blowdown water as the effluelrt and 
utilization of treated water as tower supply. Interface problcnls 
w i l l  be identified and studied prior to  MIUS final design and minimum 
cost operation techniques will be established. Data and operations 
information to be developed include: 

a. Individual process familiarization 
b. Individual process operation optiiniz ation 
c. Identification of process interface problems 
d. Coordination of individual process flow rates 
e . Evdluation of synergistic effects of multiple process 

treatment 

Because this is a process k ter face  test program, types of 
test information will include : 

a. Water flow 
b. Sludge volume 
c. Temperature and temperature differentials 
d. Disinfection completeness 
e.  Tot a1 chemic d analysis at various points 
f. Power consumption 
g. Dissolved solids balance 

Odor Control 

A key issue in any industrial facility which interfaces with the 
general public is that of odor control. No level of eilgineering 
efficiency o r  cost effectiveness w i l l  gain public acceptance i f  the 
plant is offensive to i ts neighbors. Great emphasis will be placed 
on the development of techniques which will control the odors 
typically associated with engine emissioils, wastewater, and solid 
waste treatment plants. 

The initial ser ies  of tests, designed to answer the key issues 
previo;lsly delineated, is scheduled for the period of April through 
October 1974. It is planned subsequently to retrofit the unit and 
investigate various other promising modes of operatior. and hard- 
wx-e elements. This phase of testing is expected to continue 
tli~*ough the f i rs t  quarter of 1975. A t  that time, prototype hardware 
ctcvcloped ~ n i l e ~ .  separate ac tivities sponsored by various govern - 
~ n c n t  and industry groups is expected to coine on line. The MIST 
is ellvisioned ruj an on-going laboratory test facility where innovative 



concepts and hardware can be tested and evaluated in a total systems 
application prior to commitment to full-scale deployment. All data 
developed in these tests will be made available to interested parties. 

As the testing agency for the multiagency HUD-sponsored MIUS 
program, the Urban Systems Project Office of NASA JSC looks 
forward to working with the industry in developing technology in 
this field. 

EQUIPMENT AND MAJSUFACTUREI1 

Physical Chemical Treatment MET PRO 

Pumps AURORA, MOYNO 

HeatExchangers AMERICANSTANDARD 

Reverse Osmosis LWVIREX 

Biological Treatment Plant AUTOTROL 

Incinerator CLEAN -AIR -ATOH. 

Absorption Chiller ARKLA 

Compression Chiller C ARRIER 

Cooling Tower MARLEY 

ThermalStorageTanks ADAMSON 

Power Generation C ATERPILLAR 

Exhaust Silencer ENGINEERING CONTROLS 

Control Valves HONEYWELL 



ENERGY RECOVERY FROM SOLID WASTE 

Charles Dalton 

C. J. Huang 

So l id  waste can be an asset from seve ra l  d i f f e r e n t  
po in t s  of view. Recycling and energy recovery are 
a t t r a c t i v e  p o s s i b i l i t i e s  wi th  both t h e  increased raw 
ma te r i a l  c o s t s  and t h e  energy crisis causing concern 
f o r  n a t u r a l  resources. Landf i l l ing  can remain a v i a b l e  
opt ion f o r  only  a l imi ted  time. 

A recent  group study on t h e  problem of solid-waste 
d i sposa l  provided a decision-making model f o r  a commun- 
i t y  t o  use a determining t h e  fu tu re  f o r  i t s  s o l i d  waste. 
The model is a combination of t h e  following f ac to r s :  
technology, l e g a l ,  s o c i a l ,  p o l i t i c a l ,  economic and 
environmental. 

A n  assessment of l o c a l  o r  community needs determines 
what form of energy recovery is des i r ab l e .  A market f o r  
low-pressure steam o r  hot  water would d i r e c t  a community 
t o  recover energy from s o l i d  waste by inc inera t ion  t o  
generate  steam. A f u e l  gas  could be produced by a pro- 
cess  known a s  pyro lys i s  i f  t h e r e  i s  a l o c a l  market f o r  a 
low heating-value gaseous fue l .  Sol id  waste can a l s o  be 
used d i r e c t l y  as a f u e l  supplemental t o  coal  i n  a steam 
generator .  An evaluat ion of t hese  var ious  processes i s  
made. 

An example is  given f o r  Houston i n  t h e  event t h a t  
l a n d f i l l i n g  becomes unacceptable f o r  any reason. 



INTRODUCTION 

Solid-waste management is  u s u a l l y  considered t o  be 
d iv ided i n t o  two major c a t e g o r i e s :  (1) c o l l e c t i o n ,  i n -  
c luding handl ing ,  s t o r a g e ,  t r a n s p o r t  and t r a n s f e r ;  and 
(2)  d i s p o s a l ,  inc lud ing  any accompanying t r e a t m m t .  
Eighty pe rcen t  o f  t h e  s o l i d  waste management funds spen t  
p u b l i c l y  goes f o r  c o l l e c t i o n ,  t h e  remainder going f o r  
d i s p o s a l .  Depending on whose f i g u r e s  you b e l i e v e ,  t h e  
average U.  S. c i t i z e n  produces between 1 .5  and 5 pounds 
of s o l i d  waste d a i l y .  The c o s t  of both  c o l l e c t i o n  and 
d i s p o s a l  has  been i n c r e a s i n g  a long wi th  every th inq  else. 
I n  t h e  decade of t h e  6 0 t s ,  t h e  average amount (over  t h e  
U. S . )  of normal household s o l i d  waste i n c r e a s e d  by 
about  20%. During t h e  same decade, c o s t  o f  c o l l e c t i o n  
inc reased  by abou t  25% and c o s t  of d i s p o s a l  inc reased  by 
about  75%. 

The most popular  method of r u r a l  d i s p o s a l  has  been 
open dumping and burning. Urban d i s p o s a l  r e q u i r e s  a 
more s a n i t a r y  d i s p o s a l  technique;  t h e r e f o r e ,  l a n d f i l l  
has  become t h e  accepted  urban technique  f o r  d i s p o s a l .  
Severa l  f a c t o r s  a r e  c u r r e n t l y  i n f l u e n c i n g  t h e  t h i n k i n g  
i n  connect ion wi th  t h e s e  t r a d i t i o n a l  d i s p o s a l  techniques.  
These f a c t o r s  inc lude  t h e  r i s i n g  c o s t  of  d i s p o s a l ,  t h e  
u n a c c e p t a b i l i t y  of open dumping and burning.  t h e  un- 
a v a i l a b i l i t y  of land f o r  l a n d f i l l ,  c u r r e n t  shor tages  
and r i s i n g  c o s t s  of raw m a t e r i a l s ,  and t h e  energy 
shor tage .  

RECYCLING 

A f t e r  a f e w  comments on recovery  o f  usab le  m a t e r i a l s ,  
t h e  remainder of t h i s  paper w i l l  focus  on energy recovery 
from s o l i d  waste a s  a means t o  s i m p l i f y  t h e  d i s p o s a l  
problem. Recycling has  become of major i n t e r e s t  r e c e n t l y  
f o r  a t  l e a s t  two reasons :  F i r s t ,  d i s p o s a l  i s  s i m p l i f i e d  
i f  d i sca rded  m a t e r i a l s  a r e  r ecyc led  and,  second, pro- 
duct ion  c o s t s  a r e  o f t e n  s i g n i f i c a n t l y  lower i f  recycled  
m a t e r i a l s  a r e  used i n  p lace  of  v i r g i n  m a t e r i a l s .  For 
example, production of aluminum from recycled  s tock  
r e q u i r e s  about  5% of  t h e  energy used t o  produce t h e  same 
amount of  v i r g i n  aluminum. Recent e x p o r t  t a x  i n c r e a s e s  
on baux i t e  by producing c o u n t r i e s  a l s o  make aluminum 
recyc l ing  more a t t r a c t i v e .  

Approximately 50% by weight (70% by volume) of a l l  
municipal s o l i d  waste i s  paper  o r  paper products .  This  
l a r g e  amount o f  waste paper has s i g n i f i c a n t  p o t e n t i a l  i r .  
t h e  r e c y c l i n g  market. However, t h e r e  a r e  many economic 
f a c t o r s  a t  work i n  regard  t o  t h e  r e c y c l i n g  of paper  
(see Hagerty, e t  a 1  ( I ) ,  p. 5 8 ) .  The o p p o r t u n i t i e s  
e x i s t  b u t  t h e  d isadvantages  of  r e c y c l i n g  paper  sometimes 
dominate t h e  d e c i s i o n s .  



S i g n i f i c a n t  amounts of f e r r o u s  meta l s  a r e  recovered 
and recycled  wi th  r e l a t i v e l y  l i t t l e  e f f o r t .  Other  
m a t e r i a l s  which have t h e  p o t e n t i a l  f o r  r e c y c l e ,  b u t  n o t  
wi thout  some disadvantages ,  a r e  g l a s s  and p l a s t i c s .  

A DECISION MAKING MODEL 

Riesco and Chang (2)  have developed a dec i s ion-  
making model t o  a i d  t h e  community i n  -F 2ining an 
e v a l u a t i o n  of t h e  va r ious  op t ions  an*. . -=?sses a v a i l -  
a b l e .  This  decision-making model a: ( p a r t i a l l y )  
s u b j e c t i v e  d e c i s i o n  t o  be reached by clnity; it 
g i v e s  meaningful i n p u t  t o  those  invo. ,n making t h e  
f i n a l  dec i s ion .  This  decision-making ,..adel is  shown i n  
Figure  2 .  

ENERGY RECOVERY FROM SOLID WASTE - 
Energy recovery from s o l i d  wastes  can be accomplish- 

e d  i n  s e v e r a l  d i f f e r e n t  ways. The most impor tant  of 
t h e s e  a r e  thermal ox ida t ion  processes  and b iodegradat ion .  
Thermal ox ida t ion  i n c l u d e s  i n c i n e r a t i o n  w i t h  and with- 
o u t  h e a t  recovery,  p y r o l y s i s ,  and s o l i d  waste burned 
wi th  coa l  i n  a steam genera to r .  Biodegradat ion can be 
de f ined  a s  t h e  reduc t ion  of r e f u s e  by t h e  use  o f  o r g a n i c  
methods. The b iodegradat ion  processes  can be d iv ided  
i n t o  t h r e e  broad a r e a s ,  (1) a e r o b i c ,  (2) anaerobic ,  and 
(3)  biochemical conversion.  Composting i s  an a e r o b i c  
process .  An example of an  anaerobic  p rocess  is methane 
production a s  c u r r e n t l y  p r a c t i c e d  by t h e  U.  S. Navy a t  
the  China Lake, CA, l abora to ry .  Biochemical p rocesses  
conver t  c e l l u l o s e  t o ,  f o r  example, g lucose  a s  done by 
t h e  U. S. Army a t  t h e  Natick,  MA, l a b o r a t o r y .  

I n c i n e r a t i o n  i s  a d i s p o s a l  method o f  long s t and ing ,  
u s u a l l y  wi thout  h e a t  recovery.  However, i n c i n e r a t o r s  
a r e  n o t  wi thout  t h e i r  problems a s  any o b s e r v e r ,  o r  near-  
by r e s i d e n t ,  knows. I n c i n e r a t o r s  a r e  famous f o r  t h e i r  
p o l l u t a n t s  and o p e r a t i n g  d i f f i c u l t i e s .  Modern-day 
i n c i n e r a t o r s ,  such as i n  Mon-real,  Saugus (Mass.), and 
Chicago, have t h e  c a p a b i l i t y  of hea t  recovery by means 
of steam genera t ion .  Schulz,  e t  a l l  ( 3 )  and Jackson ( 4 )  

S a n i t a r y  l a n d f i l l ,  a s  s t a t e d  e a r l i e r ,  cannot con- 
t i n u e  t o  be t h e  most economic and v i a b l e  means of s o l i d -  
waste d i s p o s a l .  In  t h e  even t  t h a t  a community must look 
t o  a l t e r n a t e  methods of d i s p o s a l ,  a systems-engineering 
model has  been proposed by van Poolen (2 )  t o  a i d  i n  t h e  
o v e r a l l  e v a l u a t i o n  process .  The model i s  shown i n  
F igure  1. I d e n t i f i c a t i o n  of t h e  v a r i o u s  parameters  in-  
d i c a t e d  i n  t h e  Figure  w i l l  gu ide  t h e  comnunity i n  
recogniz ing  its v i a b l e  o p t i o n s  i n  d e a l i n g  wi th  s o l i d  
waste.  



discuss these incinerators. Even though heat recovery 
presents a decided advantage over older incinerators, 
most of the new incinerators have certain disadvantages. 
(see Schulz, et a1 (3) p. 1-7). These incinerators 
generally require some shredding, and they produce a 
residue which amounts to 20 to 25% by weight of the 
original solid waste. This residue requires a landfill 
for disposal. The recent incinerators produce nitrogen 
oxides in their stack emissions and they typically re- 
cover heat in the form of steam which must be used as 
generated. Schulz also notes that incinerators, even 
with heat recovery, have an unfavorable cost comparison 
and are deemed to be noncompetitive in comparison with 
pyrolysis units. 

Pyrolysis is a process which has a relatively 
recent application to the disposal of solid waste. 
Pyrolysis can be defined as thermal decomposition in 
the absence of enough oxygen to provide complete com- 
bustion. There are about twenty-five pyrolysis pro- 
cesses which have been proposed for use in solid-waste 
disposal. They are all described as one of three basic 
types as shown in Figure 3. 

A low temp. , low 
heating rate 

Pyrolysis /B Liquid B medium temp., 
medium heating rate 

\ a s  C high temp., 
high heating rate 

Figure 3 

Garrett has a process of type B which produces a 
liquid fuel. Monsanto, Devco, Union Carbide and West 
Virginia University have processes of type C which 
produce a gaseous fi~el. Garrett is currently building 
a plant (to operate at approximately 900 degrees F) at 
San Diego. Mor..anto and Devco have current construction 
of pyrolysis plants in Baltimore (at approximately 1400 
degrees T) and Brooklyn respectively. Union Carbide has 
built a 200 ton per day demonstration plant (to operate 
at approximately 3000 degrees F )  at Charleston, West 
Virginia. The West Virginia University process, con- 
ceived by Professor R. C. Bailie, is still developmen- 
tal but seems to have a good potential. 

The advantages of pyrolyzing solid waste are numerous. 
A pyrolysis plant produces a relatively clean fuel, is not 
necessarily close to a power plant and is independent of 
the utility industry. Pyrolysis typically produces a high 



volume reduct ion  (95% o r  g r e a t e r )  and has  ve ry  l i t t l e  
land,  a i r ,  o r  water  p o l l u t i o n .  A v a r i e t y  o f  products  
such a s  p i p e l i n e  g a s ,  methanol, s y n t h e t i c  g a s o l i n e ,  e tc . ,  
can be produced by means of  p y r o l y s i s .  

The gaseous f u e l  produced by h igh temperature 
p y r o l y s i s  has a r e l a t i v e l y  low h e a t i n g  value .  The 
Monsanto process  gas  has  a hea t ing  value  o f  about  
120 Btu/scf wi th  t h e  Union Carbide process  g a s  a t  about  
300 Btu/scf and wi th  t h e  West V i r g i n i a  Univers i ty  pro- 
cess gas  a t  about  450 Btu/scf .  These compare t o  about  
1000 Btu/scf f o r  methane. 

The l i q u i d  f u e l  produced by medium tempera ture  
p y r o l y s i s  is  both c o r r o s i v e  and ve ry  v i scous  (see Schulz 
( 3 ,  p. 1-25) 1. I n  s p i t e  of  t h e  d i f f i c u l t y  o f  handling 
t h i s  l i q u i d  f u e l ,  t h e  p o t e n t i a l  o f  t h e  G a r r e t t  process  
looks  good. I n  f a c t ,  t h e  e n t i r e  f i e l d  of  p y r o l y s i s  
Looks extremely good f o r  handling t h e  problem of s o l i d -  
waste d i s p o s a l .  The technology needs t o  be developed 
and improved i n  c e r t a i n  p a r t s  of t h e  p rocesses ,  b u t  t h e  
p o t e n t i a l  is  good. 

Another so l id-waste  d i s p o s a l  method wi th  energy 
recovery i s  t o  use t h e  waste a s  a supplemental f u e l .  
This  i s  being done i n  S t .  Louis by Union E l e c t r i c  i n  
two convent ional  c o a l - f i r e d  s team-generators  (Jackson 
( 4 )  ) . The shredded s o l i d  waste i s  burned wi th  c o a l  
i n  a mix r a t i o  of one p a r t  s o l i d  waste t o  four  p a r t s  
of coa l .  Ferrous m a t e r i a l s  a r e  separa ted  p r i o r  t o  
burning. This  p rocess  r e s u l t s  i n  s i g n i f i c a n t  energy 
recovery wi th  about  75% volume reduc t ion  of  t h e  s o l i d  
waste.  The two steam genera to r s  can handle  about  300 
tons/day (equ iva len t  t o  t h e  waste genera ted  by about  
200,000 people)  of s o l i d  waste. This  r a t e  r e p r e s e n t s  
an energy supply of about  t e n  p e r c e n t  of the t o t a l  xe- 
q u i r e d  by t h e  two genera t ing  u n i t s .  

The p o t e n t i a l  f o r  energy recovery wi th  t h i s  
supplemental f u e l  method is q u i t e  good. However, a 
d i f f i c u l t y  a r i s e s  when t h i s  method i s  cons idered  f o r  
steam genera to r s  which a r e  e i t h e r  gas - f i r ed  o r  o i l -  
f i r e d .  These two types  of u n i t s  do n o t  have t h e  proper  
handling equipment f o r  s o l i d  f u e l .  A s u b s t a n t i a l  
c a p i t a l  investment  is necessary  t o  equ ip  t h e s e  types  of 
u n i t s  wi th  t h e  necessary  handl ing  equipment. 

Another innova t ive  process  i s  under development by 
Combustion Power Company i n  coopera t ion  w i t h  t h e  Envir- 
onmental P r o t e c t i o n  Agency. Chapman and Wocasek (5) 
have r e c e n t l y  d i scussed  t h i s  process  which is  c a l l e d  t h e  
CPU-400 u n i t .  This  system t a k e s  shredded,  a i r - c l a s s i f i e d  
s o l i d  waste,  burns it i n  a f l u i d i z e d  bed combustor, and 
passes  t h e  h o t  gas  through a gas t u r b i n e  t o  genera te  
e l e c t r i c i t y .  The b a s i c  p r i n c i p l e s  of t h i s  process  a r e  



sound; however, the system has not yet performed as 
expected (see 2, 5). 

There are numerous other processes and methods 
which might be discussed. However, we feel that those 
mentioned thus far are representative of the available 
technology in recovering energy in solid waste. 

ECONOMICS 

An economic comparison of selected process is 
shown in Figure 4. The basis for comparison is a 1000 
ton per day plant with credits given on the basis of a 
natural gas cost of about 35 cents per million Btus 
to the utility companies of Houston. Details of the 
economic analysis are given in Reference (2). The mo- 
del is that shown in Figure 2. The analysis is based 
on existing equipment and practices. For example, use 
of the supplemental fuel method in Houston would re- 
quire substantial modification to gas-fired boilers. 
This cost is not included; the values Figure 4 re- 
Ler to actual operation in St. Louis with credits and 
debits given in terms of Houstor~ dollars. 

Based on existing site use, the values in Figure 
4 indicate that the St. Louis supplemental fuel pro- 
cess has the lowest net cost. Closely bunched in se- 
cond place are composting, the CPU-400 unit, the Garrett 
pyrolysis unit and the Union Carbide pyrolysis unit. 
The problems of composting are well known to the local 
population. Possible problems associated with the CPU- 
400 unit and the Garrett fuel oil process have already 
been mentioned and are expanded by Schulz, et all ( 3 ) ,  
the NASA/ASEE study (2) and Chapman and Wocasek (5) . 

Details of the analysis method are found in Re- 
ference (2). Contained in Figure 5 is a list of evalua- 
tion factors that were used in preparing the economic 
analysis. 

APPLICATION OF CONCEPTS TO HOUSTAY - 
The NASA/ASEE stud] (2) presents a method of eva- 

luating energy recovery processes in regard to a par- 
ticular community. Houston was chosen as the city 
for which this evaluation was made. A major assumption 
in this effort is that, by late 1970, landfilling will 
not be an acceptable means of solid-waste disposal. 
Specific details of the evaluation procedure are avail- 
able in Reference (2). In brief, the procedure in- 
volves a subjective evaluation of the factors listed 
in Figure 5 .  Even though the evaluation is suhjec- 
tive, the information leading to the evaluation is 
technically factual and is as objective as possible. 



This evaluation found that the four most important 
factors listed in Figure 5 were the following: first, 
market; with Capital Investment, Operating Cost, and 
Public Acceptance tied for second. Based on t.hese 
factors being dominant, the following four pra~esses 
are judged to be those most suitable for use: (1) St. 
Louis supplemental fuel, (2) CPU-400 Unit, (3) Union 
Carbide pyrolysis, and (4) Garrett pyrolysis. ~dapt- 
ing the St. Louis supplemental fuel process to Houston 
would require a capital expenditure on a materials hand- 
ling unit in getting the shredded, sorted refus'., into 
the boiler, obtaining combustia,~, and removing the char. 
Landfill of the char would be necessary. 
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*ECOfiOMIC ANALYSIS OF SELEC'.BD PROCESSES 

*Economics, $/Tor. 
Process Gross Cost Net Cost Comments 

Union Carbide $ 8.40 $5.50 Gas Recovery and 
Residue Sales 

Monsanto 11.90 7.30 Steam Sale & Ferrous 
Materials Recovery 

Garrett 11.20 4.90 Liquid Recovery, 
Ferrous Metals, 
Glz ss, Aluminum 

West Virginia 11.00 9.70 Gas Recovery Only 
University 

Incineration 12.50 9.7C Proven Technology 
With Heat Emission, Pels 
Recovery 

St. Louis 
Supp. Fuel 

Composting 10.40 
Plant 

Corrosion and Erosion 
Problems - Good Poten- 
tial 

Too Many Difficult 
Tech. Probs. - Reactor, 
Gas Cleanup 

Ferrous Materials, 
Aluminum, Glass, 
Sewage Disposal, 
Paper Fiber 

Figure 4 
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ADAPTAT IONS OF ADVANCED SAFETY AND 
RELIABILITY TECHNIQUES TO PETROLEUM 

AND OTHER INDUSTRIES 

Paul E. Purser, P.E. 

INTRODUCTION 

Many present-day governmental pract ices i n  the  areas o f  environ- 
mental protect ion, safety and consumer pro tec t ion  appear t o  be based ! upon the Loevinger Theory . That i s ,  indus t ry  i s  considered g u i l t y  
u n t i  1 proven innocent. Thus, many government regulat ions and cour t  
decisions requ i re  t h a t  industry  take appropriate steps t o  rove the 

57- 
5- safety o r  acceptab i l i t y  o f  proposed act ions r i o r  t o  underta i n g  them. 

Industry  can obta in assistance i n  shouldering t i s  burden o f  proof  
by adapting various combinations o f  several techniques t h a t  are now 
avai 1 able. These techniques have been developed pr imar i  l y  i n  the 
indus t r ies  which have pa r t i c i pa ted  i n  the U. S. space and defense pro- 
grams; and they have been major cont r ibu t ing  fac tors  i n  the remarkable 
h i s to ry  o f  reducing and contro l  1 i n g  f a i l u r e s  t h a t  has characterized 
the space program. 

The present paper i s  intended t o  discuss the underlying philosophy 
o f  the general approach t o  f a i l u r e  reduct ion and contro l  ; t o  describe 
b r i e f l y  the p r i nc ipa l  techniques of i n te res t ,  t o  i d e n t i f y  some success- 
f u l  adaptations t o  non-space a c t i v i t i e s ,  and t o  prcvide suggestions 
and reference sources f o r  in format ion leading t o  other  possib le 
adaptations. 

DISCUSSION OF TECHNIQUES 

Philosophy 

The underlying phi losophy of the safety and re1 i a b i  1 i ty techniques 
t o  be discussed i s  that,  whi le  i t  i s  no t  possible t o  completely e l im i -  
nate a l l  f a i l u res ,  i t  should be possib le to: 

Great ly reduce the numbers o f  f a i l u r e s  t h a t  do occur, 
Great ly reduce the po ten t i a l  f o r  catastrophic e f f e c t s  o f  

f a i l u res ,  
Provide a l te rna te  equipment and procedural paths t o  min i -  

mize operat ional i n te r rup t i ons  due t o  fa i l u res ,  
P;omote high r e l i a b i l i t y  I n  systems tha t  are produced i n  

such small numbers tha t  the desired r e l i a b i l i t y  leve ls  
cannot be obtained through 1 o n g - t e n  development test ing,  

Provide pre-planned guides f o r  inves t iga t ion  and cor rec t ion  
o f  f a i  1 ures t o  prevent recurrences. 

For example, consider the Apol lo 13 lunar  mission i n  which an oxygen 
storage tank f a i l e d  i n  f l i g h t  approximately h a l f  way t o  the moon. A l -  
though careful and extensive research and development e f f o r t s  went 



i n t o  the design and construct ion o f  the tank i n  question, i t  was rea l ized 
t h a t  the tank could and might f a i l  i n  f l i g h t .  Thus, the techniques t h a t  - we w i l l  be discussing were appl ied i n  the fo l low ing steps: 

o During the basic  engineering design and development o f  the 
tank t o  minimize the p o s s i b i l i t y  o f  i t s  f a i l u r e ;  

o During the basic engineering design o f  a l l  o ther  items 
equipment t o  prevent t h e i r  being a d v z e l y  af fected by 
a tank fa i l u re ;  

o During ove ra l l  design o f  the system t o  provide means o f  
ass is t ing  the crew t o  locate, i so la te ,  and by pass the 
fa i l u re ;  

o During the mission planning t o  provide a l t e rna t i ve  proce- 
dures t h a t  would a l low cont inuinq the mission, i f  
possible, bu t  a; l e a s t  re;urning9tke c~ safe ly .  

As a resul t ,  the crew was safe y returne t o  e a r t  , t e source o f  the 
fa i l u re  was determined even though the por t ion  o f  the s p m  
contained the tank was l e f t  behind, and correct ions were made t h a t  pre- 
vented a recurrence o f  t h a t  f a i l u r e .  

Techniques o f  I n t e r e s t  

The primary techniques o f  i n t e r e s t  are discussed i n  some d e t a i l  
i n  p r i o r  publ icat ions by t h i s  t ho r ,2~3  and i n  several o ther  government 
and non-government papers4 t o  ? I .  The f o l  lowing paragraphs b r i e f l y  de- 
scr ibe the techniques tha t  appear t o  be the most useful  and adaptable 
t o  non-space a c t i v i t i e s .  

Design Reviews (DRsl. Many f i rms use design reviews as a matter 
o f  course. Surpris ingly,  however, many e i t h e r  do no t  use them o r  e lse  ap- 
p l y  them i n  a ra ther  cursory o r  desultory fashion. Basical ly ,  the DR 
i s  a s t ructured process o f  technical management t h a t  provides time- 
phased reviews o f  the design progress and adequacy. DRs draw upon 
presentations by the designers and upon the resu l t s  o f  some o f  the 
analyses discussed i n  succeeding paragraphs t o  assure both management 
and the designers that :  

o Requirements are c lear ,  complete , and a t t a i  nab1 o .  
o C r i t e r i a  are sound and l o g i c a l  . 
o Bounds o f  technology are not  unduly strained. 
o Due consideration has been given t o  safety, hazards, 

r e l i a b i l i t y ,  in ter faces,  etc.  
o Any r i s k s  are being taken knowingly. 
o The design i s  adequate. 

The DR process a lso provides documentation o f  the design l o g i c  and o f  
management's concern f o r  the balance between economy and ecology. Thus, 
i t  can be o f  value i n  deal ing w i th  regulatory agencies and the pub1 i c .  

Fa i lu re  Mode and E f fec t  Analyses (FMEAs) , 
Hazards Analyses (HAS), and 
Single Fa i lu re  Point  Summaries (SFPSs). These three items are 

somewhat p a r a l l e l  and in te r re la ted .  Each should be an i n teq ra l    art 
o f  the design process, and t h e i r  outputs should be reviewed-to: ' 



o Detenni ne design adequacy. 
o I d e n t i f y  design incompat ib i l i t ies .  
o Provide a vehic le fo r  assessing design r e l i a b i l i t y .  
o Provide a model f o r  analyzing ex i s t i ng  systems i n  design 

reviews, inspections and ce r t i f i ca t i ons ,  t e s t  and 
operations planning, f a i l u r e  and accident invest iga-  
t ions, modifying and updating f a c i l i t i e s ,  and i n  
assessing and comparing s i m i l a r  systems. 

A f t e r  the f a c i l i t y  has begun operations, the FMEA and SFPS can 
serve as "road maps" f o r  any f a i l u r e  o r  accident invest igat ions.  

Certain terms must be defined p r i o r  t o  f u r the r  discussion. For 
example, what are f a i l u r e  modes and effects, s i ng le  f a i l u r e  points, and 
hazards? Fa i lu re  mode i s  the manner i n  which an i tem f a i l s .  A valve 
f a i l s p e n  o r  closed, a tank overflows o r  leaks, etc.  Fa i lu re  e f f e c t  
i s  the succession o f  resu l t s  of a fa i lu re .  I f  a valve f a i l s  closed, the 

t 

flow stops and t h i s  may overpressure a l i n e ,  o v e r f i l l  a tank, a l low a 
heat exchanger t o  overheat and i n t e r r u p t  a process, etc .  A s i n  l e  
f a i l u r e  p o i n t  i s  a component which can f a i l  and f o r  which 7 9 -  t ere i s  no 
redundant o r  back-up component. Examples o f  such components include: 

o Major p i  pel  i ne 
o Pressure vessel (s ingle,  n o t  manifolded) 
o Manned spacecraft heat sh ie ld  
o Ship h u l l  
o Engine on s i  ngl e-engine a i r c r a f t  
o Main s t ruc ture  o f  a dam. 

A hazard i s  any equipment f a i l u r e ,  procedural error ,  o r  o ther  undesired 
e v m a t  can r e s u l t  i n  i n j u r y  t o  personnel ; f i r e ,  explosion, o r  o ther  
damage t o  equipment; o r  bad environmental e f fec t s  such as o i l  sp i l lage.  

There are two basic types of FMEA-design and funct ional .  Design 
FMEAs s t a r t  a t  the component l eve l  w i t h i n  a subsystem; i d e n t i f y  e f fec ts  
o f  component f a i l u r e s  on subsystem, system, f a c i l i t y  funct ion, safety, etc.; 
i d e n t i f y  f a i  1 ure-detect i  on methods, a1 ternate o r  shutdown procedures, 
time avai lab le f o r  action; and recommend cor rec t ive  act ion o r  j u s t i f y  
acceptance. Figure 1 i l l u s t r a t e s  the general f low process f o r  Design 
FMEAs (and also f o r  HAS and SFPSs). Functional FMEAs s t a r t  a t  the 
f a c i  1 i ty funct ion leve l  ; i d e n t i f y  major and subfunctions required; 
i d e n t i f y  equipment required f o r  each; assign c r i t i c a l i t y  l e v e l  t o  
each subfunction and i t s  associated equipment (Level 1 i s  loss o f  l i f e ) ;  
i d e n t i f y  c r i  t i c a l  components w i t h i n  each equipment se t  f o r  each speci - 
f i e d  c r i t i c a l i t y  l eve l  ; and recommend cor rec t ive  act ion, etc .  

Single f a i l u r e  p o i n t  summaires (SFPSs) are made dur ing the FMEA o r  
HA, as indicated on Fig. 1, and are documented i n  a l i s t  f o r  per iod ic  
review and analysis . 

How are s ing le - fa i l u re  points  treated? They may be accepted 
and ra t i ona l i zed  on such bases as low c r i t i c a l i t y  o r  low p r o b a b i l i t y  
o f  occurrence because the component has a proved high safety margin 
c;  a proved high re1 i a b i  1 i t y  record. They may be el iminated by re-  
design o r  cor rec t ive  act ion such as prov is ion o f  redundant components, 
increased margins , increased re1 i abi 1 i t y  , o r  tes t i ng  t o  prove the 
safety margin o r  re1 i a b i l i  ty. 



Hazard analyses (HAS) are conducted e s s e n t i a l l y  i n  para1 l e l  w i t h  
FMEAs and SFPSs as i nd i ca ted  i n  F igure 1, b u t  w i t h  emphasis on the  
existence, degree o f  c r i t i c a l i t y ,  and e l im ina t i on  o f  hazards. 

HAS should d isc lose:  Whether the component can f a i l .  I f  so, 
does i t  create a hazard? How c r i t i c a l ?  How can f a i l u r e  o r  hazard be 
prevented? Can inst rumentat ion e r r o r  1 ead t o  hazard? Can operator  
e r r o r  create a f a i l u r e  o r  hazard? How can t h a t  be prevented o r  avoided? 
Prevent ive o r  co r rec t i ve  ac t ions  t h a t  can be undertatcen f o r  hazards t h a t  
are uncovered inc lude  such items as equipment redesign, ac tua to r  o r  
swi tch placement and guarding, operator  t r a i n i n g ,  and mod i f i ca t i on  of 
operat ing procedures, e tc .  

I n  a l l  o f  these techniques i t  helps t o  p l ay  the  "what i f ? "  game 
i n  order  t o  be sure t h a t  no v a l i d  r i s k s  are overlooked. The designer 
o r  ana lys t  should consider the r e a l  e f f e c t s  o f  var ious f a i l u r e s  and he should 
look f o r  the r e a l  problem and no t  "cu t  o f f  the l i t t l e  toes t o  improve the 
fit of a p a i r  o f  t i g h t  shoes". 

Operational Readiness Inspect ions (ORIs). These inspect ions a re  
q u i t e  s i m i l a r  t o  design reviews except t h a t  they deal more w i t h  the 
completed hardware and w i t h  such operat ional  f ac to r s  as organizat ion,  
t r a i n i ng ,  procedures, e t c .  

ORIs prov ide the operat ions group: 
o Increased assurance o f  adequate design and cons t ruc t ion  
o Ea r l y  v i s i b i l i t y  i n t o  p o t e n t i a l  operat ing problems 
o Planning guidance f o r  t r a i n i ng ,  operations, M&R, etc .  
o Assurance o f  adequate support services and f a c i l i t i e s  
o Higher confidence i n  s t a r t  up and operat ion. 

Fa i l u re  Report ing and Analysis.  The treatment o f  f a i l u r e s  i s  an 
important p a r t  o f  developing a t r u l y  v i ab le  sa fe t y  and r e l i a b i l i t y  
program. Too o f t e n  i n  the past, f a i l e d  components have simply been 
replaced and discarded i n  a manner roughly s i m i l a r  t o  the  treatment 
o f  blown fuses i n  one's household e l e c t r i c a l  c i r c u i t .  Fur ther  ac t i on  
has o f t en  been taken on l y  when the f a i l u r e  i s  repeated almost im- 
mediately. However, much o f  value can be learned from proper r epo r t -  
i n g  and analys is  o f  f a i l u r e s .  Adequate f a i l u r e  repor ts  can prov ide a 
f i rm ' s  engineer ing management w i t h  data on which t o  base analyses o f  
f a i l u r e  e f f ec t s ,  poss ib le  suppl iers ,  e tc .  Adequate analyses o f  f a i l e d  
pa r t s  can con t r i bu te  b e t t e r  understanding o f  why f a i l u r e s  occur 
and can lead t o  improvements i n  r e l i a b i l i t y  and sa fe t y  through the  use 
of b e t t e r  o r  more su i t ab le  par ts ,  b e t t e r  design c r i t e r i a ,  o r  b e t t e r  
operat ional  procedures. 

ADAPTATIONS OF TECHNIQUES 

There have been many successful non-space adaptat ions of these 
sa fe ty  and re1 i a b i  li ty management techniques dur ing the past  several  
years. The f o l l o w i n g  paragraphs b r i e f l y  discuss those which t h i s  
author e i t h e r  i s  f a m i l i a r  w i t h  o r  has played some p a r t  i n .  



Petroleum Operations 

Offshore. The major t h rus t  of adapting advanced safety and 
re1 i a b i l i t y e c h n i q u e s  t o  of fshore petroleum production and d r i  11 i n g  
operations began a f t e r  the 1969 Santa Barbara Channel blowout inc ident .  
As a pa r t  of i t s  react ion t o  tha t  inc ident ,  the United States Geo- 
l og i ca l  Survey (USGS) southt the advice and assistance o f  other  govern- 
ment agencies, technical  soc iet ies and industry.  One o f  the f i r s t  
responses t o  the USGS was a studyl f  by personnel o f  the National Aero- 
naut ics and Space Administrat ion (NASA). This study recomnended t h a t  the 
techniques discussed i n  the present paper be adapted t o  the USGS management 
o f  offshore petroleum operations. As a resu l t ,  t h  USGS included requi re-  
ments f o r  f a i l u r e  repor t ing  i n  i t s  OCS Order No. 512 and contracted 
w i th  indus t ry  f o r  two s t u d i e s l 3 ~ 1 4  i n  which FMEAs and HAS were con- 
ducted on 13 d i f f e r e n t  (8 types) o f  of fshore f a c i l i t i e s .  The resu l t s  
o f  these two studies were then u t i l i z e d  by the petroleum industry,  
through a special Amr ican Pet leum I n s t i t u t e  (API) Committee t o  develop 
a Recommended Prac t i  ce documen~5 f o r  the design, i n s t a l  1 at ion, and 
operation o f  surface safety systems f o r  of fshore platforms. Concurrent- 
l y  w i t h  these e f fo r t s  a Review Comnittee o f  the National Academy o f  
Engineering has been advising the USGS on v a r i w s  aspects o f  offshore 
safety and has recomnended fu r the r  adaptation o f  such techniques t o  
the USGS operations16,17. 

Meanwhile, various f i rms i n  the petroleum industry,  on t h e i r  own 
i n i t i a t i v e s ,  proceeded w i t h  s i m i l a r  adaptation e f f o r t s .  For example: 

o The present author has assisted i n  planning a design re-  
view f o r  a la rge  offshore platform. 

o ADCON Corp. and Mechanics Research, Inc. (West Coast con- 
s u l t i n g  f i rms )  have conducted FMEAs f o r  o i l  industry  
c l  ients l8.  

o She1 1 O i  1 Co. and Lockheed Petroleum Services, Ltd. have 
u t i  1 i zed these techniques and other  space-derived 
technology i n  the development o f  a subsea we l l -  
completion systemlg. 

o Shell O i l  Co. has u t i l i z e d  s i m i l a r  techniques i n  der iv-  
i ng improved s t ruc tu ra l  -design c r i t e r i a  f o r  of fshore 
p~ atforms20. 

Onshore. I n  the area o f  onshore petroleum operations environmental 
p r o t e r n a s  also been a d r i v i ng  force f o r  adaptations o f  advanced 
technology. The Environmental Protect ion Agency (EPA) contracted w i t h  
Computer Sciences Corp. f o r  a study o f  o i l  s p i l l s  from production and 
d r i l l i n g  equipment21 . This study u t i l i z e d  some o f  the techniques 
being discussed and formed a major pa r t  o f  the base f o r  EPA's new 
spi 11-prevention regulations22 and f o r  an API Bul l e t i t @  containing 
guide l i n e s  f o r  indus t ry 's  use i n  complying w i t h  the EPA regulat ions. 
The present author, inc identa l  l y ,  has found these two documents22,23 
t o  be qu i te  useful  i n  h i s  consult ing pract ice.  

Diving and Manned Submersible Operations 

The recent burgeorting i n t e r e s t  i n  a l l  types o f  of fshore operations, 



inc luding petroleum, has brought on a very rap id  expansion i n  the 
c i v i l i a n  i n d u s t r i a l  development and use o f  deep-diving equipment 
and manned submersible vehicles. The primary i n t e r e s t  and expert ise 
i n  these f i e l d s  has t r a d i t i o n a l l y  resided w i t h i n  the United States 
Navy. With the rap id  expansion o f  undersea operations i n t o  the 
c i  v i  1 iar! arena, the Marine Techno1 ogy Society foresaw, and responded 
to, a need f o r  a publicatiot?'l containing safety guidel ines f o r  the 
design and operat ion o f  undersea vehicles. The o r i g i n a l  volume, 
published i n  1968, i s  now i n  the process o f  rev is ion.  Thr present 
author has provided the rev i s ing  ed i to rs  w i th  mater ia l  f o r  an Appendix 
on the use o f  advanced safety and r e l i a b i l i t y  techniques i n  the design 
and operation o f  d i v ing  equipment and submersf b l e  veh ic les.  

I n  addit ion, the present author 's consul t ing prac t ice  includes 
the conduct o f  such analyses f o r  o Houston-b ed d i v i n g  equipment 74 f i  rm. O f  course, the She1 1 -Lockheed p ro jec t  re fe r red  t o  ea r l  i e r  , 
includes a manned, one-atmosphere, submersible chamber as a primary 
element and Lockheed i s  a lso using these techniques i n  the design o f  
other marine equipment. 

Medical A c t i v i t i e s  

Appl icat ions of new technology t o  various medical a c t i v i t i e s  are 
also being successful ly made as evidenced by one o f  the sessions o f  
t h i s  conference. A paper25 a t  the 1973 Annual Conference on Engineering 
i n  Medicine and Biology (ACEMB) discussed several adaptations o f  aero- 
space safety and r e l i a b i l i t y  techniques t o  the f i e l d  o f  medicine. The 
present author i s  now i n  the process o f  conducting a combined safety 
and funct ional  effect iveness analysis or! a remote pa t i en t  monitor ing 
and treatment system f o r  a c l i e n t .  

Summation 

The preceding examples undoubtedly form an incomplete 1 i s t i n g  
o f  adaptations o f  aerospace safety and r e l i a b i  1 i ty techniques t o  
non-space act; v i  t i es .  They should, however, serve t o  i l l u s t r a t e  the 
breadth and var ie ty  o f  po ten t i a l  f i e l d s  o f  a p p l i c a b i l i t y  f o r  these 
techniques. I n  fac t ,  any a c t i v i t y  t h a t  can be t reated as a "system", 
whether i t  be hardware o r  software, i s  a po ten t ia l  benef ic iary o f  some 
por t ion  o f  these analysis procedures. 

SUGGESTIONS AND SOURCES OF ASSISTANCE 

Suggestions 

Experience gained dur ing the past several years has indicated 
tha t  some words o f  caution may be useful  t o  those considering the use 
of the techniques under d i s c u s s i o ~ .  Among these items are: 

o These techniques do not  constitute a panacea f o r  a i l  
system i l l s ;  they uncover problems but  do no t  solve 
them. 

o They cannot subs t i tu te  f o r  sound engineering and good 
judgement, they can only  supplenlent them. 



o Despite t h e i r  systematized appearance, these techniques 
cannot be appl ied by a computer; they requi re i n -  
t e l l  igent  human thought a t  each step, consequently 
they must be a d q t e d  ra the r  than a d g t e d  i n  new f i e l d s .  

Sources o f  Assistance 

The u t i l i z a t i o n  o f  aerospace safety and re1 i a b i l i  t y  technology i n  
non-space a c t i v i t i e s  can take place by essen t i a l l y  any o f  the several 
mechanisms discussed f o r  other  areas o f  advanced technology i n  t h i s  
Conference. One can r e l y  upon vat-ying combinations and degrees o f  
outside assistance and i n te rna l  e f f o r t .  

The various documents referenced so p lus some 0 t h e r s ~ ~ - ~ 9  
l i s t e d  under the heading REFERENCES can provide a great deal o f  
information on wh , what, a m  some information on how and who; f - 
and a 1 i t t l e  i n  o r m a m  on how much cost  and e f f o r t .  ~ai t i o n m y ,  
NASA (both i n  Washington and-various f i e l d  centers) has been 
qu i te  w i l l i n g  t o  discuss technology u t i l i z a t i o n  problems w i t h  any 
in terested pa r t i es  and t o  provide advice and r ~ f e r e n c e s  t o  both published 
information and potent ia l  contractors who have experience i n  the 
p a r t i c u l a r  techno1 ogy o f  i n te res t .  The various contractors, o f  course, 
have various preferred approaches t o  ass is t ing  customers i n  the applica- 
t i o n  o f  any new technology. The approaches can range from: 

o Offering t r a i n i n g  courses, t o  
o Providing consul tat ion and advice, t o  
o Providing manpower t o  e i t h e r  ass' s t  i n  o r  perform the task, 

t 0 
o Complete "turn-key" task performance, through 
o Many var ia t ions  o f  " jo int -venture"  e f f o r t s .  

I n  essence, however, technology which can provide improvements i n  safety, 
re1 i a b i  1 i t y ,  and funct ional  effect iveness i n  ,&ny types o f  a c t i v i t i e s  
i s  avai lab le t o  those who are in te res ted  i n  adapting and u t i l i z i n g  
i t . 
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LOCATING UPDERWATFR OBJECTS 

C. F i t zhuc jh  G r i c e  

L o c a t i  n3 an ~ n d e r w a t e r  o b j e c t  i n  o r  on t h e  b o t t o m  
i s  an ~ n g i n e e r i n g  and o p e r a t i o n a l  p rob lem.  The s o l u t i o n  
t o  t h e  p rob lem r e q u i r e s  a  c l e a r  and p c e c i s e  d e f i n i t i o n  
o f  t h e  p r o 5 l e m  i t s e l f ,  f o l l o w e d  b y  a  p r o p e r  c h o i c e  o f  
i n s t r u m e n t a t i o n  and o p e r a t i o n a l  p r o c e d u r e s .  A q  e n g i n e e r i n g  
and o p e r a t i o n a l  p r o b l e m  c a n n o t  be  changed t o  f i t  s p a r -  
t i c u l a r  p h i l o s o p h y  as  c a n  be done i f  t h e  p r c b l e m  were  
one o f  a  r e s e a r c h  n a t u r e .  The use o f  a r e s e a r c h  p h i l o s o p h y  
i n  some p a s t  u n d e r w a t e r  s e a r c h  o p e r a t i o n s ,  has, i n  t h o  
o p i n i o n  o f  t h e  a u t h o r ,  been r e s p o n s i b l e  f o r  t h e  f a i l u r e  
t o  a c h i e v e  e f f i c i e n t  and economic success .  

DEFINING THE PROBLEM 

To d e f i n e  t h e  prob lem,  s e v e r a l  q u e s t i o n s  s h o u l d  be  
asked and answered: 

4 .  I s  t h e  o b j e c t  l i k e l y  t o  b e  i n t a c t  - o r  f ragmen ted  f r o m  
i m p a c t  o r  d e t e r i o r a t i o n ?  

T h i s  q u e s t i o n  i s  n o t  a l w a y s  easv  t o  ansHer.  Con- 
f l i c t i n g  o p i n i o n s  f r o m  compe ten t  p e o p l e  can  b e  i n v o l v e d .  
L o s t  a i r c r a f t  can  p r e s e n t  d i f f i c u l t y .  Depend ing  on 
c i r c u m s t a n c e s  b e f o r e  e n t e r i n g  t h e  w a t e r ,  an  a i r c r d f t  can  
be n e a r l y  i n t a c t  o r  c o m p l e t e l y  f ragmen ted .  A wooden 
v e s s e l  l o s t  f o r  a  number o t  y e a r s  i n  t h e  m i d d l e - t o - l o w  
l a t i t u d e s  w i l l  p r o b a b l y  be f r a g m e n t e d  b y  m a r i n e  b o r e r s .  
5 .  I s  t h e  o b j e c t  l i k e l y  t o  be -on  t h e  b o t t o m  o r  i s  i t  
more l i k e l y  t o  b e  b u r i e d  i n  t h e  b o t t o m ?  

Again,  t h i s  q u e s t i o n  may n o t  b e  easy t o  answer 
because o f  c o n f l i c t i n g  o p i n i o n s .  The re  a r e  some who 
t h o u g n t  t h e  submar ine  THRESHER w o u l d  be  c o m p l e t e l y  
b u r i e d  i n  t h e  bo t tom,  based on t h e  a s s u m p t i o n  t h a t  t h e  
v e s s e l  i i c h i e v s d  a  h i g h  t e r m i n a l  v e l o c i t y  b e f o r e  r e a c h i n g  
bot tom.  T h i s  m i g h t  have o c c u r r e d  hhd t h e  h u l l  k e p t  
i t s  hydrodynamic  shape and assumed a  nose-down a t t i t u d e  
i n  i t s  f a t a l  p l u n g e .  

P r i o r  t o  t h e  s u c c e s s f u l  s e a r c h  i n  1967 f o r  t h e  C i v i l  
War i r o n c l a d  TECUMSEH, w h i c h  was sunk d u r i n g  t h e  B a t t l e  
o f  M o b i l e  Bay, t h e  consensus was t h a t  t h e  s h i p  w o u l d  



be  l a r g e l y  b u r i e d  f o r  two  r e a s o n s ;  ( 1 )  more  t h a n  a  c e n t u r y  
had p a s t  s i n c e  she  sank  a n d  ( 2 )  s h e  had  n o t  a l r e a d y  been  
f o u n d .  
6. Has a  p r e v i o u s  s e a r c h  b e e n  made f o r  t h e  o b j e c t ?  

I f  t h e  answer  i s  yes ,  w h a t  me thods ,  e q u i p m e n t  and  
o p e r a t i o n a l  p r o c e d u r e s  we re  u s e d ?  The p r o b a b l e  r e a s o n s  
f o r  f a i l u r e  t o  f i n d  t h e  o b j e c t  s h o u l d  b e  e v a l u a t e d .  

OPERATIONAL PROBLEMS AND CONDITIONS 

A f t e r  t h e  p r o b l e m  h a s  been  t h o r o u g h l y  d e f i n e d ,  
o p e r a t i o n a l  p r o b l e m s  a n d  c o n d i t i o n s  s h o u l d  b e  e v a l u a t e d :  
1. How l a r g e  i s  t h e  p r o b a b l e  t a r g e t  a r e a ?  

Many t i m e s  t h i s  , s  - t h e  m o s t  d i f f i c u l t  q u e s t i o n  t o  
be  answered .  An answer  may r e q u i r e  a  c a r e f u l  and  e x t e n s i v e  
s t u d y  o f  a l l  a v a i l a b l e  r e c o r d s ;  p a r t i c u l a r l y  i f  t h e  o b j e c t  
has  been  l o s t  f o r  many y e a r s .  

The C i v i l  War v e s s e l  TECUMSEH was f o u n d  a p p r o x i m a t e l y  
3 1,Z h o u r s  a f t e r  t h e  s e a r c h  o p e r a t i o n  began  p r i m a r i l y  
because  o f  t h e  e x c e l l e n t  a r c h i v a l  r e s e a r c h  done b y  t h e  
Smi t h s o n i a n  I n s t i t u t i o n  p r i o r  t o  t h e  s e a r c h .  

I f  t h e  o b j e c t  has  been r e c e n t l y  l o s t ,  t h e  p r o b a b l e  
t a r g e t  a r e a  mus t  b e  d e t e r m i n e d  f r o m  e y e  w i t n e s s  r e p o r t s  
( i f  a n y ) ,  e s t i m a t e s  based  o n  a l l  a v a i l a b l e  i n f o r m a t i o n  
p e r t a i n i n g  t o  t h e  l a s t  known l o c a t i o n  o f  t h e  o b j e c t  p r i o r  
t o  t h e  l o s s ,  a n d  t h e  causes  w h i c h  l e a d  t o  t h e  l o s s .  
2. Where i s  t h e  t a r g e t  a r e a  l o c a t e d  w i t h  r e s p e c t  t o  
l a n d ?  
3.  What n a v i g a t i o n a l  a i d s  a r e  a v a i l a b l e ?  

T h e r e  a r e  f e w  " l a n d m a r k s "  i n  t h e  w a t e r .  The l a c k  
o f  a d e q u a t e  n a v i g a t i o n a l  a i d s  has  h i n d e r e d  many s e a r c h  
o p e r a  t i  ons.  
4. What i s  t h e  w a t e r  d e p t h  w i t h i n  t h e  t a r g e t  a r e a ?  
5.  A r e  a d e q u a t e  n a v i g a t i o n a l  a n d  b a t h y m e t r i c  maps o f  
t h e  a r e a  a v a i l a b l e ?  
6. What t y p e  o f  s e a r c h  v e s s e l  s h o u l d  b e  u s e d ?  

Answers t o  t h e  p r e c e e d i n g  q u e s t i o n s  w i l l  have  a  
s i g n i f i c a n t  b e a r i n g  on t h e  s e a r c h  v e s s e l  r e q u i r e m e n t .  
Wa te r  d e p t h  w i l l  d e t e r ~ i n e  t h e  h a n d l i n g  g e a r  n e c e s s a r y  
f o r  t h e  s e a r c h  i n s t r u m e n t a t i o n .  D i s t a n c e  f r o m  l a n d  
w i l l  d e t e r m i n e  t h e  s h i p ' s  e n d u r a n c e  r e q u i r e m e n t s ,  a l o n g  
w i t h  n a v i g a t i o n a l  e q u i p m e n t  needed. 

C H O I C E  OF SEARCH INSTRUMENTATION 

R a r e l y  a r e  two  u n d e r w a t e r  s e a r c h  p r o b l e m s  a l i k e .  
The b e s t  c h o i c e  o f  i n s t r u m e n t s  w i l l  depend on t h e  p a r t i c -  
u l a r  p r o b l e m .  A t  t h i s  p o i n t ,  a  r e v i e w  o f  some p r o b l e m  
d e f i n i t i o n  q u e s t i o n s  i s  i n  o r d e r :  
1.  I s  t h e  o b j e c t  m e t a l ?  I f  so ,  t h e  o b j e c t  w i l l  have  
a s i g n a t u r e  t h a t  c a n  be  d e t e c t e d .  I t  t h e  o b j e c t  i s  non-  
m e t a l l i c ,  a  s i g n a t u r e ,  p e r  se ,  w i l l  p r o b a b l y - n o t  e x i s t .  
2. If m e t a l l i c ,  i s  t h e  o b j e c t  f e r r o u s ,  n o n - f e r r o u s ,  o r  



a  c o m b i n a t i o n  o f  t h e  t w o ?  A f e r r o u s  o b j e c t  w i l l  have 
a  m a g n e t i c  s i g n a t u r e  and an  e l e c t r i c  s i g n a t u r e .  A non-  
f e r r o u s  o b j e c t  i n  w a t e r  w i l l  have an e l e c t r i c  s i g n a t u r e ,  
known as t h e  spontaneous o r  s e l  f - p o t e n t i a l  (SP) . 
M e t a l  F i n d i n g  I n s t r u m e n t a t i o n  

T h i s  c l a s s  o f  i n s t r u m e n t s  and t e c h n i q u e s  i n c l u d e s  
t h e  magnetometer ,  u n d e r w a t e r  m e t a l  d e t e c t o r s  and  t h e  
s e l f - p o t e n t i a l  t e c h n i q u e .  The SP and magnetometer  a r e  
p a s s i v e  i n s t r u m e n t s  and t e c h n i q u e s ;  t h e y  measure an 
e x i s t i n g  s i g n a t u r e .  

The S P  t e c h n i q u e  measures t h e  e l e c t r i c  f i e l d  caused  
by m e t a l  i n  w a t e r ;  t h e  magnetometer  d e t e c t s  t h e  a l t e r a t i o n  
i n  t h e  l o c a l  m a g n e t i c  f i e l d  caused  b y  t h e  p r e s e n c e  o f  
a  f e r r o u s  o b j e c t .  

A c o u s t i c  ( S o n a r )  I n s t r u m e n t a t i o n  

I n c l u d e d  h e r e  a r e  h i g h - r e s o l u t i o n  s i d e - s c a n n i n g  
s o n a r s  and s u b - b o t t o m  p r o f i l i n g  equ ipmen t .  

O p t i c a l  I n s t r u m e n t a t i o n  

T h i s  b r o a d  c a t e g o r y  i n c l u d e s  c l o s e d  c i r c u i t  t e l e -  
v i s i o n ,  cameras, d i v e r s  and s u b m e r s i b l e  v e h i c l e  o b s e r v e r s .  

i j a v i q a t i o n a l  A i d s  --- 
I n c l u d e d  h e r e  a r e  s h i p - t o - s h o r e  e l e c t r o n i c  

p o s i  t i  o n i  n g  sys  terns, s a t e 1  1  i t e  n a v i  g a t i  on and a c o u s t i  c  
t r a n s p o n d e r s  f o r  b o t t o m  n a v i g a t i o n .  

M e c h a n i c a l  Techn iques  

Drag c a b l e s ,  sweep-w i re  t e c h n i q u e  and b o t t o m  g r a p p l e s  
w o u l d  be i n c l u d e d  h e r e .  

METAL-FINDING INSTRUMENTS 

S e l f - p o t e n t i a l  (SP) 

S t a t e d  s i m p l y ,  t h e  S P  s e a r c h  t e c h n i q u e  c o n s i s t s  o f  
m e a s u r i n g  t h e  e l e c t r i c  f i e l d  w h i c h  r e s u l t s  when a  m e t a l l i c  
o b j e c t  i s  immersed i n  n a t u r a l l y - o c c u r i n g  w a t e r ,  w i t h  t h e  
w a t e r  a c t i n g  as an e l e c t r o l y t e .  

A l m o s t  any m e t a l l i c  o b j e c t  w i l l  become p o l a r i z e d  
when immersed i n  a  n a t u r a l l y - o c c u r i n g  w a t e r  ( p a r t i c u l a r l y  
s a l t  w a t e r )  because o f  t h e  d i s s i m i l a r i t i e s  o f  t h e  a l l o y s ,  
o r  m e t a l s ,  o r  i n  t h e  case  o f  a  homogenous m e t a l l i c  s t r u c t u r e ,  
because o f  t h e  i m p e r f e c t i o n s  i n  t h e  g r a i n  s t r u c t u r e .  
If t h e  o b j e c t  i s  e l o n g a t e d ,  i t  becomes a  d i p o l e ,  w i t h  
a  measurab le  e l e c t r i c  f i e l d  e x i s t i n g  i n  t h e  w a t e r .  

I f  t h e  o b j e c t  i s  composed o f  d i s s i m i l a r  m e t a l s ,  t h e  



e l e c t r i c  f i e l d  w i l l  b e  much s t r o n g e r .  
An e l e c t r i c a l  d i p o l e  w i l l  n o t  be  s e t  up b y  d i s -  

s i m i l a r  m e t a l s  t h a t  a r e  n e a r  each o t h e r  i n  w a t e r  b u t  n o t  
m e t a l l i c a l l  c o n n e c t e d .  Each p i e c e  o f  m e t a l  w i l l  p r o b a b l y  d have i t s  own weak e l e c t r i c  f i e l d .  

The S P  t e c h n i q u e  o f  f i n d i n g  u n d e r w a t e r  o b j e c t s  i s  
one o f  t h e  o l d e s t  " e l e c t r o n i c "  methods,  r e q u i r e s  t h e  
l e a s t  s o p h i s t i c a t e d  i n s t r u m e n t a t i o n  and i s  p r o b a b l y  one 
o f  t h e  l e a s t  known t e c h n i q u e s .  T h i s  t e c h n i q u e  was used 
i n  1930 t o  f i n d  l o s t  p r a c t i c e  t o r p e d o e s  f o r  t h e  F r e n c h  
;Iavy. 

The S P  e q u i p m e n t  b a s i c a l l y  c o n s i s t s  o f  a  p a i r  o f  
e l e c t r o d e s  towed i n  t h e  w a t e r  and a  r e c o r d i n g  m i l l i -  
voltmeter. There  a r e  no " s t a n d a r d "  e l e c t r o d e  s p a c i n g s  
o r  c o n f i g u r a t i o n s - - t h e  e l e c t r o d e  s p a c i n g  and t o w i n g  
techn- ;que must  b e  s e l e c t e d  f o r  t h e  p a r t i c u l a r  j o b  t o  
be  done. 

The t e c h n o 1  ogy f o r  m e a s u r i n g  and r e c o r d i n g  m i  11  i- 
v o l t  s i q n a l s  has advanced c o n s i d e r a b l y  s i n c e  t h e  1930 
e x p e r i m e n t s .  Depend ing  on t h e  n o i s e  l e v e l  o f  t h e  s e a r c h  
v e s s e l  and a s s o c i a t e d  gear ,  a n o m a l i e s  w i t h  a m p l i t u d e s  
c o n s i d e r a b l y  l e s s  t h a n  5 m i l l i v o l t s  can  b e  r e c o r d e d  
and i n t e r p r e t e d .  

The S P  t e c h n i q u e  was used by t h e  a u t h o r  t o  l o c a t e  
t h e  TECUMSEH. The r e c o r d e d  e l e c t r i c  s i g n a t u r e  f rom t h e  
TECUMSEH was o n l y  2 .5  m i l l i v o l t s  peak - to -peak .  The 
w o o d e n - h u l l e d  d i e s e l - p o w e r e d  v e s s e l  used f o r  t h e  s e a r c h  
o p e r a t i o n  c r e a t e d  such a  l o w  e l e c t r i c a l  n o i s e  l e v e l  
t h a t  t h e  s e r v o - d r i v e n  c h a r t  r e c o r d e r  a c t u a l  l y  " s t e p p e d " .  
C o n v e r s e l y ,  t h e  e l e c t r i c a l  n o i s e  l e v e l  o f  t h e  h i g h - s p e e d  
m e t a l - h u l l e d  C o a s t  Guard c u t t e r  used b y  t h e  a u t h o r  on 
a n o t h e r  s e a r c h  o p e r a t i o n  was i n  excess  o f  5 m i l l i v o l t s ,  
c a u s i n g  scme i n t e r p r e t a t i o n  p rob lems .  

From e x p e r i e n c e ,  i t  has been f o u n d  t h a t  t h e  S P  
anomaly f r o m  a  m e t a l l i c  o b j e c t  i n  w a t e r  can b e  measured 
a t  a  d i s t a n c e  o f  5 t o  10 t i m e s  t h e  n e t  d i p o l e  l e n g t h  
o f  t h e  o b j e c t .  T h i s  depends on t h e % t a l ( s )  i n v o l v e d ,  
t h e  w a t e r  c o n d u c t i v i t y ,  t h e  e l e c t r i c a l  n o i s e  l e v e l  o f  
t h e  s e a r c h  v e s s e l  and t h e  o p e r a t i o n a l  c o n f i g u r a t i o n  o f  
t h e  e l e c t r o d e s .  The n e t  d i p o l e  l e n g t h  w i l l  d e t e r m i n e  
t h e  w i d t h  o f  a  s e a r c h  p a t t e r n  d e s i g n e d  f o r  c o m p l e t e  
t a r g e t  a r e a  cove rage .  

M e t a l l i c  o b j e c t s  c o m p l e t e l y  b u r i e d  i n  t h e  b o t t o m  
have been f o u n d  u s i n g  t h e  S P  t e c h n i q u e .  However, t h e  
S P  t e c h n i q u e  i s  n o t  recommended f o r  o b j e c t s  known t o  be  
c o m p l e t e l y  b u r i e d .  

C o n s i d e r e d  i n  t h e  u s u a l  " p r o d u c t  l i n e "  f r a m e  o f  
r e f e r e n c e ,  t h e r e  i s  no S P  s e a r c h  equ ipmen t ,pe r  se, f o r  
s a l e  by  anyone. 

W h i l e  t h e  S P  t e c h n i q u e  i s  s i m p l e  and can be q u i t e  
e f f e c t i v e ,  t h e  succe;s o f  t h e  method depends t o  a  l a r g e  
e x t e n t  on t h e  o p e r a t i o n a l  and i n t e r p r e t a t i v e  e x p e r t i s e  
o f  t h e  u s e r .  



Magne tome te rs  

The  m a g n e t i c  f i e l d  o f  t h e  e a r t h  i s  shaped  as t h o u g h  
i t  w e r e  caused  b y  a  g i a n t  b a r  magnet  a b o u t  o n e - t h i r d  o f  
t h e  e a r t h ' s  d i a m e t e r  i n  l e n g t h ,  s i t u a t e d  n e a r  t h e  e a r t h ' s  
c e n t e r  and  t i l t e d  a b o u t  20 d e g r e e s  f r o m  t h e  e a r t h ' s  s p i n  
a x i s .  

The m a g n e t i c  f i e l d  i s  weak, v a r y i n g  f r o m  a b o u t  0 .7  
o e r s t e d  a t  t h e  m a g n e t i c  p o l e s  t o  a b o u t  0 .25  o e r s t e d  a t  
some p o i n t s  o n  t h e  m a g n e t i c  e q u a t o r .  F o r  o c e a n o g r a p h i c  
wo rk ,  t h e  gamma has  been  a d o p t e d  as t h e  u n i t  o f  m a g n e t i c  
measurement .  The gamma r e p r e s e n t s  1 /100,000 o f  one  o e r s t e d .  

A  s e n s o r  w h i c h  c a n  c o n v e r t  t h e  m a g n e t i c  f i e l d  i n t e n s i t y  
t o  a  r e a d i l y - m e a s u r a b l e  q u a n t i t y  i s  c a l l e d  a  magne tome te r .  
A  magne tome te r  w h i c h  measures  t h e  m a g n i t u d e  o f  t h e  m a g n e t i c  
f i e l d  o n l v  a l o n s  i t s  a x i s  o f  o r i e n t a t i o n  i s  c a l l e d  a  
component-  s e n s o r .  A m a g n e t o m e t e r  r e l a t i v e 1  i n s e n s i t i v e  
t o  i t s  o r i e n t a t i o n  i s  c a l l e d  a  t o t a  d f i e  d  s e n s o r .  

Component S e n s o r s .  D i s r e g a r d i n g  t h e  " 1  o o p - s c a n n e r "  
t y p e  o f  i n s t r u m e n t ,  t h e r e  a r e  t w o  b a s i c  t y p e s  o f  component  
s e n s o r s  i n  g e n e r a l  use ;  t h e  f l u x g a t e  m a g n e t o m e t e r  and  t h e  
v a r i a b l e - m u  magne tome te r .  

The f l u x g a t e  m a g n e t o m e t e r  uses  an  o s c i l l a t o r  t o  
d r i v e  t h e  p r i m a r y  o f  a  m a g n e t i c  c o r e .  The m a g n e t i c  f i e l d  
t o  b e  measured  a i d s  t h e  A . C .  f i e l d  o v e r  o n e - h a l f  c y c l e  
and  opposes  i t  f o r  t h e  o t h e r  h a l f - c y c l e .  W i t h  p r o p e r  
p r i m a r y  a n d / o r  s e c o n d a r y  w i n d i n g  p r o c e d u r e ,  t h e  s e c o n d a r y  
w i n d i n g  o u t p u t  w i l l  c o n s i s t  o f  even  h a r m o n i c s  o f  t h e  
f u n d a m e n t a l  o s c i l l a t o r  f r e q u e n c y ;  u s u a l l y  f i l t e r e d  t o  
p r e s e n t  o n l y  t h e  s e c o n d  h a r m o n i c .  The  v o l t a g e  a m p l i t u d e  
o f  t h i s  h a r m o n i c  i s  p r o p o r t i o n a l  t o  t h e  s t r e n g t h  o f  t h e  
f i e l d  t o  b e  measured .  

F o r  u n d e r w a t e r  s e a r c h  o p e r a t i o n s ,  a  s i n g l e  component  
s e n s o r  i s  n o t  p r a c t i c a l .  Any o r i e n t a t i o n  change  o f  t h e  
s e n - o r  w o u l d  r e s u l t  i n  a  change  o f  o u t p u t .  Two mag- 
n e t o m e t e r  s e n s o r s  c a n  b e  s p a c e d  some d i s t a n c e  a p a r t  w i t h  
t h e  o u t p u t  s i g n a l s  " s e r i e s - o p p o s e d "  o r  s u b t r a c t e d .  Such 
a  d e v i c e  i s  c a l l e d  a  g r a d i o m e t e r  magne tome te r .  

A g r a d i o m e t e r  made o f  t w o  component  s e n s o r s  r e q u i r e s  
e x t r e m e l y  p r e c i s e  a l i g n m e n t  o f  t h e  two  s e n s o r s  t o  a v o i d  
an  a p p a r e n t  g r a d i e n t  i f  t h e  d e v i c e  i s  n o t  p e r f e c t l y  s t a b l e  
w h i l e  b e i n g  towed.  A f u n c t i o n a l  g r a d i o m e t e r  r e q u i r e s  
s e n s o r s  o f  v e r y  h i g h  s e n s i t i v i t y  t o  be  a b l e  t o  measure  
s m a l l  d i f f e r e n c e s  i n  i n t e n s i t y  b e t w e e n  t h e  t w o  ends o f  
t h e  g r a d i o m e t e r .  

G r i c e  Ocean E n g i n e e r i n g ,  I n c .  i s  p r e s e n t l y  b u i l d i n g  
a  p r o t o t y p e  h i g h - s e n s i t i v i t y  f l u x g a t e  q r a d i o m e t e r  mag- 
n e t o m e t e r ,  i n c o r p o r a t i n g  some i d e a s  c o n t a i n e d  i n  dASA 
TECH BRIEF 70-10347,  "Two-Ax i5  F l u x g a t e  M a g n e t o m e t e r " .  
L a b o r a t o r y  t e s t s  o f  t h e  p r o t o t y p e  a r e  e n c o u r a g i n g ;  each 
s e n s o r  has  an  o u t p u t  o f  a p p r o x i m a t e l y  100  m i c r o v o l t s  p e r  
gamma. F i e l d  t e s t s  a r e  s c h e d u l e d  f o r  l a t e r  d u r i n g  1974.  



T o t a l  F i e l d  S e n s o r s .  S e n s o r s  w h i c h  a r e  r e s p o n s i v e  
t o  t h e o t a l  m a g n e t i c  f i e l d  h a v e  been  c a l l e d  a t o m i c  mag- 
n e t o m e t e r s ,  s i n c e  t h e y  a l l  make use  o f  a t o m i c  i n t e r a c t i o n  
t o  measure  t h e  m a g n e t i c  f i e l d .  Some t y p e s  o f  a t o m i c  mag- 
n e t o m e t e r s  a r e  t h e  p r o t o n  p r e c e s s i o n ,  and t h e  o p t i c a l l y -  
pumped d e v i c e s  s u c h  as  t h e  r u b i d i u m - v a p o r ,  c e s i u m - v a p o r  
and m e t a s t a b l e  h e l i u m  s e n s o r s .  

The s e n s i t i v i t y  o f  t h e  p r o t o n  p r e c e s s i o n  m a g n e t o m e t e r  
i s  good, w i t h  t h e  a b i l i t y  t o  r e s o l v e  a  change  o f  1  gamma 
i n  any  f i e l d .  P r o t o n  p r e c e s s i o n  m a g n e t o m e t e r s  a r e  now 
a v a i l a b l e  f r o m  a  number o f  m a n u f a c t u r e r s  a n d  a r e  e x t e n s i v e l y  
used  i n  o c e a n o g r a p h i c  w o r k ,  i n c l u d i n g  u n d e r w a t e r  s e a r c h  
o p e r a t i o n s  . 

The s e n s i t i v i t y  o f  o p t i c a l l y - p u m p e d  m a g n e t o m e t e r s  
i s  v e r y  h i g h ;  t h e  r u b i d i u m  m a g n e t o m e t e r  i n  a  f i x e d  p o s i t i o n  
i s  r e p o r t e d  t o  b e  a b l e  t o  r e s o l v e  a  change  o f  a p p r o x -  
i m a t e l y  0 .002 gammas i n  a  f i e l d  o f  50,000 gammas. The 
o p t i c a l l y - p u m p e d  magne tome te r  i s  n o t  u s e d  e x t e n s i v e l y  
i n  u n d e r w a t e r  s e a r c h  o p e r a t i o n s .  

U n d e r w a t e r  M e t a l  D e t e c t o r s  

I n  t h e  d i s c u s s i o n  o f  t h e  SP a n d  magne tome te r ,  we 
w e r e  d e a l i n g  w i t h  p a s s i v e  d e v i c e s  - -  t h e  i n h e r e n t  e l e c -  
t r i c a l  a n d  m a g n e t i c  c h a r a c t e r i s t i c s  o f  t h e  o b j e c t  b e i n g  
s o u g h t  a r e  r e s p o n s i b l e  f o r  t h e  s i g n a l s  d e t e c t e d .  

U n d e r w a t e r  m e t a l  d e t e c t o r s  use  an a c t i v e  t e c h n i q u e  
t o  f i n d  a  submerged m e t a l  o b j e c t ,  e n e r g y  i s  t r a n s m i t t e d  
and  a  p o r t i o n  o f  t h e  e n e r g y  i s  r e t u r n e d  b y  t h e  o b j e c t .  

U n d e r w a t e r  m e t a l  d e t e c t o r s  a r e  s i m i l a r  i n  p r i n c i p l e  
o f  o p e r a t i o n  t o  m e t a l  d e t e c t o r s  u s e d  on  l a n d ;  d e s i g n e d  
o r  a l t e r e d  f o r  s e r v i c e  u n d e r w a t e r .  Because  o f  t h e  h i g h  
c o n d u c t i v i t y  o f  s a l t  w a t e r ,  m a r i n e  m e t a l  d e t e c t o r s  make 
use  o f  r e l a t i v e l y  l o w  o p e r a t i n g  f r e q u e n c i e s .  

T h e r e  a r e  t h r e e  b a s i c  t y p e s  o f  m e t a l  d e t e c t o r s :  
B e a t  F r e q u e n c y ,  I n d u c t i o n - B a l a n c e  a n d  T r a n s m i t t e r - R e c e i v e r .  
The op t imum c h o i c e  o f  a  m e t a l  d e t e c t o r  i s  t h e  i n d u c t i o n -  
b a l a n c e  t y p e ;  t h i s  t y p e  has  e x c e l l e n t  s m a l l  t a r g e t  r e s o -  
l u t i o n  and  g o o d - t o - e x c e l l e n t  d e p t h  p e n e t r a t i o n .  

The b a s i c  l a w s  b e h i n d  i n d u c t i v e  c o u p l i n g  shows why 
m e t a l  l o c a t i o n  o v e r  a p p r e c i a b l e  d i s t a n c e s  i s  a  m a j o r  
p r o b l e m .  The r e c e i v e d  s i g n a l  p r o d u c e d  b y  an i n d u c t i v e l y  
c o u p l e d  t a r g e t  w i l l  n o r m a l l y  b e  p r o p o r t i o n a l  t o  t h e  cube  
o f  t h e  t a r g e t  d i a m e t e r  and  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  s i x t h  power  o f  t h e  t a r g e t  d e p t h .  

T f t l i e  c h o i c e  o f  o p e r a t i n g  f r e q u e n c y  i s  a p p r o p r i a t e  
f o r  an i n d u c t i o n - b a l a n c e  o r  t r a n s m i t t e r - r e c e i v e r  m e t a l  
d e t e c t o r ,  t h e  phase  i n f o r m a t i o n  c o n t a i n e d  i n  a  t a r g e t  
s i g n a l  c a n  b e  s u i t e  u s e f u l .  N o n - f e r r o u s  t a r a e t s  and  
n o n - c o n d u c t i v e  ' f e r r o u s  t a r g e t s  p r o d u c e  s i g n a i s  ( c a l l  ed  
' x "  and " R "  s i g n a l s )  t h a t  a r e  s e p a r a t e d  i n  phase  by  90 " .  
C o n d u c t i v e  f e r r o u s  t a r g e t s ,  s u c h '  as  o r d i r ? a r y  i r o n , -  p r o d u c e  
a  s i g n a l  whose phase  l i e s  b e t w e e n  t h e  p u r e  " X "  and  " R "  
s i g n a l s ;  t h e  phase  b e i n g  h i g h l y  d e p e n d e n t  on t h e  o p e r a t i n g  
f r e q u e n c y .  



G r i c e  Ocean E n g i n e e r i n g ,  In:. i s  c u r r e n t l y  m a r k e t i n g  
an u n d e r w a t e r  m e t a l  d e t e c t o r ,  w i t h  d u a l  earphones used 
t o  r e p r o d u c e  t h e  " X u  and " R "  t a r g e t  s i g n a l s ;  hence a l l o w i n g  
t h e  u s e r  t o  d i s t d n g u i s h  between f e r r o u s  and n o n - f e r r o u s  
t a r g e t s .  T h i s  m e t a l  d e t e c t o r  has a  r a n g e  o f  a p p r o x i m a t e l y  
8 f e e t  f o r  l a r g e  t a r g e t s ,  such as  p i p e l i n e s ,  and e x c e l l e n t  
s m a l l  t a r g e t  r e s o l u t i o n .  On a  r e c e n t  e x p e d i t i o n  t o  Mex ico ,  
t h i s  m e t a l  d e t e c t o r  f o u n d  t a r g e t s  r a n g i n g  i n  s i z e  f r o m  
bobby p i n s  t o  a  c a s t  i r o n  s a i l i n g  v e s s e l  mas t  s o c k e t  b u r i e d  
a b o u t  4 f e e t  i n  t h e  b o t t o m .  (A p r o t o t y p e  l a n d  v e r s i o n  
o f  t h e  u n d e r w a t e r  " s t e r e o "  m e t a l  d e t e c t o r  a l s o  used on 
t h e  same e x p e d i t i o n  f o u n d  a  c a r g o  c h e s t  f r o m  a  1739 s h i p -  
w r e c k ) .  

ACOUSTIC (SONAR) EQUIPMENT 

The o n l y  f o r m  o f  r a d i a t i o n  known t o  p e n e t r a t e  w a t e r  
f o r  r e a s o n a b l e  d i s t a n c e s  i s  sound. O t h e r  f o r m s  o f  r a d -  
i a t i o n  a r e  abso rbed  w i t h i n  a  few  hundred  f e e t .  

A c o u s t i c  equ ipmen t  u s e f u l  f o r  u n d e r w a t e r  o b j e c t  l o c a t i o n  
can be d i v i d e d  i n t o  t h r e e  b a s i c  g r o u p s :  
1. V e r t i c a l  beam s o n a r  
2. S i d e  scan s o n a r  
3 .  R o t a t i n g  beam s o n a r  

Each has s p e c i a l i z e d  advan tages  and a p p l i c a t i o n s .  

V e r t i c a l  Beam Sonar  

V e r t i c a l  beam s o n a r  i s  t h e  s i m p l e s t  and most  w i d e l y  
used sonar  s e a r c h  t e c h n i q u e  f o r  l o c a t i n g  p r o j e c t i o n s  
f r o m  b o t t o m .  C o n v e n t i o n a l  s h i p b o a r d  echo s o u n d i n g  e q u i p -  
ment d e s i g n e d  f o r  b o t t o m  d e p t h  d e t e r m i n a t i o n  w i l l  p r o v i d e  
an echo f r o m  an  o b j e c t  p r o t r u d i n g  above bo t tom,  w i t h  
v a r y i n g  deg rees  o f  r e s o l u t i o n  d e p e n d i n g  upon t h e  c h a r a c t e r -  
i s t i c s  o f  t h e  equ ipmen t .  W i t h  adequa te  peak power and 
a  s u f f i c i e n t l y  l o w  o p e r a t i n g  f r e q u e n c y ,  p e n e t r a t i o n  i n t o  
t h e  b o t t o m  can  be o b t a i n e d ;  t h e  d e p t h  o f  p e n e t r a t i o n  de-  
~ 2 n d i n g  upon t h e  sound ene rgy ,  o p e r a t i n g  f r e q u e n c y  and 
b o t t o m  c h a r a c t e r i s t i c s .  

The v e r t i c a l  beam s o n a r  s e a r c h  t e c h n i q u e  has a  
r e s t r i c t e d  s e a r c h  r a n g e  as  i n f o r m a t i o n  comes o n l y  f r o m  
t h a t  a r e a  o f  t h e  b o t t o m  c o v e r e d  b y  t h e  sound beam. 
P a r a l l e l  r u n s ,  o r  t r a v e r s e ,  mus t  be  c l o s e  enough so t h a t  
e v e r y  p a r t  o f  t h e  a r e a  u n d e r  s e a r c h  w i l l  be i n v e s t i g a t e d .  
I n  s h a l l o w  w a t e r ,  t h i s  can be c r i t i c a l ,  as t r a v e r s e s  mus t  
be spaced o n l y  a  few f e e t  a p a r t .  

To p r o v i d e  an a c o u s t i c  echo, t h e  t a r g e t  t h i c k n e s s  
wou ld  have t o  be 1 / 4  w a v e l e n g t h ,  o r  g r e a t e r ,  o f  t h e  
sound wave i n  t h e  t a r g e t .  F o r  example,  assume a  m e t a l  
t a r g e t  and a  12 Kliz s o n a r .  W i t h  a  v e l o c i t y  o f  sound 
t h r c u g h  m e t a l  o f  a p p r o z i m a t e l y  6,000 m e t e r s  p e r  second, 
114 w a v e l e n g t h  wou ld  be a p p r o x i m a t e l y  12 c e n t i m e t e r s .  
T h e r e f o r e  t h e  t a r g e t  wou ld  have t o  be a t  l e a s t  12 cm. 
t h i c k  t o  r e t u r n  a  u s u d b l e  echo. 

The minimum l a t e r a l  d i m e n s i o n s  o f  t h e  t a r g e t  w o u l d  



depend upon t h e  speed o f  t h e  s e a r c h  v e s s e l  as  r e l a t e d  
t o  t h e  p u l s e  r e p e t i t i o n  r a t e  o f  t h e  s o n a r  a n d  t h e  d e p t h  
o f  t h e  w a t e r  w h i c h  d e t e r m i n e s  t h e  r a t i o  o f  t h e  t a r g e t  
a r e a  t o  i n s o n i f i e d  a r e a .  The d e e p e r  t h e  w a t e r ,  t h e  l a r g e r  
t h e  t a r g e t  w i l l  have  t o  b e  t o  r e t u r n  a n  i d e n t i f i a b l e  echo ,  

S i d e  Scan S o n a r  

S i d e - s c a n n i n g  s o n a r  d e v i c e s  g e n e r a l l y  c o n s i s t  o f  
a  t r a n s d u c e r  h o u s e d  i n  a s t r e a m l i n e d  body ,  c a l l e d  a  f i s h ,  
t o w e d  b e h i n d  t h e  s u r v e y i n g  v e s s e l .  

Sound p u l s e s  o f  h i g h  f r e q u e n c y  and  s h a r t  p u l s e  
d u r a t i o n  a r e  e m i t t e d  f r o m  one  o r  b o t h  s i d e s  o f  t h e  f i s h .  
The sound  beam s t r i k e s  t h e  ocean  f l o o r  i n  a  s c a n n i n g  
p a t t e r n  much a s  a  s l a n t e d  beam o f  l i g h t  e l e v a t e d  above  
t h e  t o p o g r a p h y  w o u l d  s i d e l i g h t  t h e  panorama b e l o w  i t .  
When t h e  sound r e a c h e s  t h e  ocean  b o t t o m ,  t h e  p a t t e r n  
r e f l e c t e d  back  i n d i c a t e s  t h e  b o t t o m  t o p o g r a p h y .  Each 
r e f l e c t e d  sound p u l s e  i s  d i s  l a y e d  b y  a n  o s c i l l o s c o p e  
o r  a  p a p e r  r e c o r d e r  ( u s u a l l y  ! . E l e v a t i o n s  p r o d u c e  
shadow zones b e h i n d  them, r e l a t i v e  t o  t h e  s o u n d  s o u r c e .  
The l e n g t h  o f  t h e  shadow depends  upon  t h e  h e i g h t  and  
o v e r a l l  s i z e  o f  t h e  e l e v a t i o n  a n d  i t s  d i s t a n c e  f r o m  t h e  
s o n a r  s o u r c e .  D e p r e s s i o n s  p r o d u c e  shadows j u s t  beyond  
t h e  r i m  c l o s e s t  t o  t h e  s o n a r  s o u r c e .  Smooth t o p o g r a p h y  
i s  i n d i c a t e d  b y  u n i n t e r r u p t e d  even  l i n e s .  

To u t i l i z e - t h e  s i d e  s c a n  t e c h n i q u e  p r o p e r l y ,  t h e  
t r a n s d u c e r  s h o u l d  be  r e a s o n a b l y  c l o s e  t o  b o t t o m .  The 
d i s t a n c e  o f f  t h e  b o t t o m  i s  a  f u n c t i o n  o f  t h e  r a n g e  
c o v e r a g e  d e s i r e d ;  i n  g e n e r a l  i t  w i l l  v a r y  f r o m  a  f ew  
h u n d r e d  f e e t  t o  s e v e r a l  t h o u s a n d  f e e t .  

S i d e  s c a n  s o n a r  s e a r c h  t e c h n i q u e s  a r e  u s e f u l  o n l y  
f o r  t a r g e t s  known t o  be  on o r  a b o v e  t h e  b o t t o m .  

R o t a t i n g  Beam Sona r  

The r o t a t i n g  beam s o n a r  t e c h n i q u e  i s  a  v a r i a t i o n  
o f  t h e  s i d e  s c a n  t e c h n i q u e .  The t r a n s d u c e r  i s  u s u a l l y  
a t t a c h e d  t o  t h e  s e a r c h  v e s s e l  and  can  b e  " a i m e d "  i n  t h e  
manner  o f  a  s e a r c h l i g h t .  

The r o t a t i n g  beam t e c h n i q u e  a l l o w s  y o u  t o  " s e e "  
ahead  o f  t h e  t r a v e r s e  l i n e s  and  a l l o w s  t a r g e t  d e t e c t i o n  
i n  advance  o f  v e s s e l  a r r i v a l .  The t a r g e t  c a n  a l s o  
be  scanned  f o r  s i z e  and  shape d e t e r m i n a t i o n .  

Sona r  S e a r c h  Summary 

T h e r e  i s  no s i n g l e  s o n a r  s y s t e m  b e s t  f o r  a l l  s e a r c h  
p r o b l e m s .  F i r s t ,  no  s o n a r  e q u i p m e n t  w i l l  p o s i t i v e l y  
d i 2 t i n g u i s h  m e t a l  f r o m  n o n - m e t a l .  However ,  i f  t h e  t a r q e t  
i s  n o n l m e t a l l i c ,  a  s o n a r  s e a r c h  t e c h n i q u e  m i g h t  be  t h e -  
b e s t  s o l u t i o n .  

V e r t i c a l  beam s o n a r  p r o v i d e s  i n f o r m a t i o n  a b o u t  a  
p a r t i c u l a r  o b j e c t ,  such  as i t s  h e i g h t  above  t h e  sea 
f l o o r ,  o r  b e l o w  t h e  sea b o t t o m  i f  t h e  p roper .  p e n e t r a t i n g  



s o n a r  i s  used .  The  v e r t i c a l  beam me thod  i s  a  s l o w  s e a r c h  
t e c h n i q u e  f o r  c o v e r a g e  o f  a  w i d e  a r e a .  

S i d e - s c a n n i n g  s o n a r  a l l o w s  y o u  t o  s u r v e y  a  w i d e  
a r e a  i n  a  s h o r t  t i m e  w i t h  t a r g e t s  b e i n g  d i s p l a y e d  i n  
t h e i r  a p p r o x i m a t e  r e l a t i v e  p o s i t i o n s .  The r o t a t i n g  
beam s e a r c h  t e c h n i q u e  a l l o w s  a  l a r g e  a r e a  t o  b e  r a p i d l y  
s u r v e y e d .  

OPTICAL INSTRUMENTS 

A v i s u a l  s e a r c h  t e c h n i q u e  i n v o l v e s  b a s i c a l l y  a n  
o p t i c a l  s e n s o r .  Man, f o r  example ,  o p e r a t i n g  as  a  d i v e r  
o r  as  a n  o b s e r v e r  i n  a  s u b m e r s i b l e ,  w o u l d  be  a n  o p t i c a l  
s e n s o r ,  

U n d e r w a t e r  o p t i c a l  s e n s o r s  l e a v e  much t o  b e  d e s i r e d  
a s  e f f e c t i v e  s e a r c h  i n s t r u m e n t s .  Range i s  s e v e r e l y  
l i m i t e d  due  t o  l i g h t  s c a t t e r  a n d  suspended  m a t t e r .  

I n  r e c e n t  y e a r s ,  u n d e r w a t e r  cameras  and  t e l e v i s i o n  
s y s t e m s  h a v e  been  i m p r o v e d ;  howeve r  a s  s e a r c h  i n s t r u m e n t s ,  
t h e i r  r a n g e  i s  s t i l l  t o o  l i m i t e d  f o r  p r a c t i c a l  s e a r c h  
o p e r a t i o n s .  

NAVIGATIONAL AIDS 

The l a c k  o f  a d e q u a t e  n a v i g a t i o n  i s  one o f  t h e  m a j o r  
d e t e r r e n t s  t o  u n d e r w a t e r  s e a r c h  o p e r a t i o n s .  T h i s  does 
n o t  mean t h a t  a d e q u a t e  n a v i g a t i o n a l  a i d s  a r e  u n a v a i l a b l e .  
Many t i m e s  t h e  r e l a t i o n s h i p  o f  t h e  s e a r c h  p r o b l e m  t o  
p i - e c i s e  n a v i g a t i o n  i s  n o t  g i v e n  t h e  a t t e n t i o n  i t  d e s e r v e s .  
The n z v i g a t i o n a l  r e q u i r e m e n t  i s  n o t  n e c e s s a r i l y  a  m a t t e r  
o f  " a b s o l u t e "  p o s i t i o n  - -  b u t  r a t h e r  a  m a t t e r  o f  r e p e a t -  
a b i  1  i t y .  

The r e q u i r e m e n t  i s  t o  b e  a b l e  t o  l e a v e  a  s p o t  i n  
t h e  ocean  ( o r  w a t e r )  a n d  l a t e r  t o  b e  a b l e  t o  r e t u r n  t o  
t h e  same s p o t .  

N a v i g a t i o n a l  r e q u i r e m e n t s  c a n  be  f r o k e n  i n t o  t w o  
p a r t s  : 
1. V e s s e l  l o c a t i o n  
2. L o c a t i o n  o f  t h e  t owed  i n s t r u m e n t  a r r a y  w i t h  r e s p e c t  
t o  t h e  t o w i n g  v e s s e l .  

The r e q u i r e d  a c c u r a c y  i s  r e l a t e d  t o  t a r g e t  s i z e .  
N a v i g a t i o n a l  a i d s  f o r  s u r f a c e  v e s s e l s  c a n  be  

d i v i d e d  r c u g h l y  i n t o  t h r e e  t y p e s :  
1. E l e c t r o n i c  p o s i t i o n i n g  sys tems  
2 .  V i s u a l  n a v i g a t i o n  
3 .  A c o u s t i c a l  n a v i g a t i o n  

T h e r e  a r e  a  number o f  e l e c t r o n i c  p o s i t i o n i n g  sys tems  
p r e s e n t l y  i n  s e r v i c e ,  a l l  r e p o r t e d  t o  h a v e  good a c c u r a c y  
w i t h i n  t h e  d e s i g n e d  r a n g e  o f  o p e r a t i o n .  

V i s u a l  r a n g i n g  and  p o s i t i o n i n g  does  n o t  p r o v i d e  t h e  
speed o r  ease  o f  o p e r a t i o n  a f f o r d e d  b y  t h e  e l e c t r o n i c  
p o s i t i o n i n g  s y s t e m s .  However ,  i t  c a n  be  e f f e c t i v e ,  
p r o v i d i n g  t h e  t a r g e t  a r e a  i s  s u i t a b l y  l o c a t e d  f o r  i t s  



use .  V i s u a l  r a n g i n g  i n v o l v e s  l i n e - o f - s i g h t  f i x e s  on 
known p o i n t s .  These p o i n t s  c a n  b e  s h o r e  b a s e d  o r  t h e y  
c a n  b e  buoys  t h a t  h a v e  been  s e t  f o r  t h i s  p u r p o s e .  

A c o u s t i c a l  n a v i g a t i o n  c a n  b e  d i v i d e d  i n t o  t w o  
g r o u p s ;  t h o s e  u s e d  t o  f i x  t h e  p o s i t i o n  o f  t h e  v e s s e l  
w i t h  r e s p e c t  t o  a  b o t t o m  da tum p o i n t ,  and  t h o s e  u s e d  t o  
d e t e r m i n e  t h e  p o s i t i o n  o f  t h e  t owed  s e n s o r  a r r a y  w i t h  
r e s p e c t  t o  t h e  v e s s e l .  

B o t h  g r o u p s  o f  a c o u s t i c a l  n a v i g a t i o n  r e q u i r e  one 
o r  more b o t t o m - m o u n t e d  ( o r  t o w e d )  s o n a r  p i n g e r s  o r  one 
o r  more p h y s i c a l l y - s e p a r a t e d  s h i p b o a r d  r e c e i v e r s  s o  
t h a t  t h e  r e l a t i v e  p o s i t i o n s  c a n  be  c a l c u l a t e d .  

The u s e  o f  a c o u s t i c a l  t e c h n i q u e s  f o r  n a v i g a t i o n a l  
c o n t r o l  c a n  become r a t h e r  s o p h i s t i c a t e d  a n d  comp lex .  

MECHANICAL TECHNIQUES 

One me thod  o f  f i n d i n g  a  sunken  o b j e c t  i s  t o  snag  
t h e  o b j e c t  b y  d r a g g i n g  a  w i r e ,  c a b l e ,  o r  g r a p n e l ( s )  on 
b o t t o m .  T h i s  me thod  has  been used  s u c c e s s f u l l y  ; n  a r e a 5  
whe re  t h e  b o t t o m  c h a r a c t e r i s t i c s  a r e  r e a s o n a b l y  u n i f o r m  
and  whe re  t h e  t a r g e t  i s  known t o  b e  a t  l e a s t  p a r t i a l l y  
above  b o t t o m .  

B e f o r e  t h e  TECUMSEH was l o c a t e d  w i t h  t h e  S P  t e c h -  
n i q u e ,  an  e f f o r t  h a d  been  made b y  d r a g g i n g  a  c h a i n  
be tween  t w o  s u r f a c e  v e s s e l s  on p a r a l l e l  c o u r s e s .  As 
i t  t u r n e d  o u t ,  t h e  o n l y  p a r t  o f  t h e  v e s s e l  s t i l l  above  
b o t t o m  was a  p o r t i o n  o f  t h e  s t a r b o a r d  b i l g e  k e e l ,  a  t a r g e t  
t h a t  c o u l d  n o t  b e  e a s i l y  snagged  ( l i k e  t r y i n g  t o  snag  
a  f o o t b a l l  b y  d r a g g i n g  a  s t r i n g  down t h e  l e n g t h  o f  t h e  
b a l l ) .  

SUMMARY 

U n d e r w a t e r  s e a r c h  i n s t r u m e n t a t i o n  and  t e c h n i q u e s  
h a v e  been o u t l i n e d .  However ,  t h e  n e c e s s i t y  o f  a d e q u a t e  
"homework"  p r i o r  t o  t h e  s e a r c h  c a n n o t  be  o v e r - e m p h a s i z e d .  
D e f i n e  t h e  p r o b l e m  t h o r o u g h l y  f i r s t ,  t h e n  p r o c e e d  f r o m  
t h e r e .  



ME IFIITIATIVES OF THE LOS ALAMOS SCIENTIFIC LABORATORY 
I N  THE TRANSFER OF A NEW EXCAVATION TECHNOLOGY 

R.J. Hanold, C . A .  Bankston, J.C, Rowley, W . W .  Long 

INTRODUCTION 

The expe r t i se  o f  the  Los Alamos S c i e n t i f i c  Laboratory as a  re-  
search and development o rgan iza t ion  i s  i n t e r n a t i o n a l  l y  recognized 
as a  r e s u l t  o f  i t s  many d ive rse  accompl i shen ts  s ince i t s  beginning 
i n  1943. I t s  o r i g i n  i n  a  t ime o f  c r i s i s  ir World War* 11, and i t s  
i s o l a t i o n  a t  t h a t  time, requ i red  t h a t  the techn ica l  f a c i l i t i e s  and 
s ta f f  be capable o f  a  broad range o f  a c t i v i t i e s  ranging from basic 
science t o  the design, f ab r i ca t i on ,  and t e s t i n g  o f  i n t r i c a t e  de- 
vices. By engaging i n  fundamental research a c t i v i t i e s  i n  many 
f ie lds ,  the Laboratory has achieved the a b i l i t y  t o  u t i l i z e  q u i c k l y  
and e f f i c i e n t l y  the  r e s u l  t s  o f  bas ic  research conducted throughout 
the f r e e  world. I t  was a l s o  important, from i t s  e a r l i e s t  years, 
f o r  Los Alamos t o  encourage f u l l  exchanoe o f  technica l  in format ion 
among i t s  s t a f f  so t h a t  the r e s u l t s  o f  bas ic  research could  be 
t r ans la ted  i n t o  completed and tes ted  systems. The Laboratory i s  
operated by the U n i v e r s i t y  o f  Cal f f o r n i a  under con t rac t  t o  the 
Atomic Energy Comnissio;~ and has assumed a broad spectrum of re-  
spons ib i l  i t i e s  i n  major AEC programs and those o f  o t he r  governncnt 
agencies. Since t he  complet ion o f  the  wart ime assignment t o  de- 
velop, tes t ,  manufacture, and prov ide a nuc lear  device, the l a r g e s t  
s i ng l e  programmatic a c t i v i t y  has been nuc lear  weapon dev-lopment. 
With t h i s  defense orien:ed posture, p rov i d i ng  the  widcst  p r a c t i c a l  
and appropr ia te  d isseminat ion o f  i n fo rmat ion  concern i r~g i t s  a c t i v i -  
t i e s  and r e s u l t s  has no t  t y p i c a l l y  been a problem. 

THE TECHNOLOGY 

Subterrene Design and Operating Concepts 

The Subterrene i s  a  system, invented and patented by Los 
Alamos s c i e n t i s t s ,  f o r  making v e r t i c a l  o r  ho r i zon ta l  holes i n  rocks 
and s o i l s  by progressive l o c a l  melt ing. '  Most rocks, i n c l ud ing  the  
very  hard igneous rocks which a re  p a r t i c u l a r l y  d i f f i c u l t  t o  pene- 
t r a t e  mechanical ly, me l t  a t  temperatures f a r  below the me l t i ng  
po in t s  o f  r e f r a c t o r y  metals such as molybdenum and tungsten, The 
rock me l t  produced can be c h i l l e d  t o  a  g lass and formed i n t o  a  
dense, strong, f i r m l y  at tached ho le  l i n i n g  t h a t  i s  c l e a r l y  d iscern-  
i b l e  i n  the sample shown i n  Fig.  1. Thus, by the  use of a  me l t i ng  
penet ra tor ,  permanently s e l f - s u p ~ o r t i n g  holes can be made even i n  
unconsol idated sediments. The energy u t i l i z e d  t o  form a ho le  of a 
p a r t i c u l a r  s i ze  and l i n e  i t  w i t h  rock g lass i s  est imated t o  be 
g rea te r  f o r  a  Subterrene than f o r  a  convent ional  r o t a r y  d r i l l ,  bu t  
t h i s  should be more than b a l a n ~ e d  by savings i n  ma te r i a l ,  iabor,  
and opera t ing  costs. 

The general p r i n c i p l e  o f  Subterrene apera t ion  can be exp la in-  
ed w i t h  the  a i d  o f  a  s i m p l i f i e d  sec t iona l  drawing shown i n  Fig.  2.  
The smooth-faced penet ra tor ,  which p lays the  r o l e  of t he  d r i l l  b i t ,  
i s  made o f  a  r e f r a c t o r y  metal and h t l t e d  e l e c t r i c a l l y  by means o f  
a  pyrographi te  res is tance-heat ing element. Thermal energy i s  
t ransfer red from the heater t o  a  g raph i te  thermal recep to r  by  r a d i -  
a t i o n  and i s  then d i s t r i b u t e d  throughout the  pene t ra to r  by con- 
duction. The heated p o r t i o n  o f  the dev ice i s  thermal ly  i nsu la ted  



from the stem advancing sect ion by a layer  o f  a special  p y r o l y t i c  
graphi t e a  

I n  operat ion the hot  penetrator i s  forced i n t o  the gro ,~nd by 
exer t ing a downward t h r u s t  on the stem. The surrounding rock i s  
melted and the thrusted peneta-ator forces the 1 i q u i d  rock-me1 t out- 
ward around the penetrator and stem where i t  i s  cooled. The mel t  
then freezes t o  form a hard, obsid ian- l ike glass 1 i n ing  on the wa l l  
of the hole, seal ing and supporting it. The -perat ion j u s t  de- 
scr ibed i s  t h a t  o f  the "me1 ting-consol ida t ing"  type o f  Subterrene 
penetrator designed especial l y  f o r  making holes i n  porous rock o r  
sof t  ground. Because the glass-1 in - i r~g  formed when the rock-me1 t 
s o l i d i f i e s  i s  more dense, and hence occupies a smaller volume than 
d i d  the o r i g i n a l  porous rock, the molten debr is  from the hole can 
be e n t i r e l y  consolidated i n  the dense glass l i n i n g  thus completely 
e l  irninating the debrt , removal operat ion necessary i n  conventional 
d r i l l  ing techniques. 

Holes i n  dense rock are produced w i th  a "universal extruding" 
Subterrene which can a lso  be used i n  porous rocks t o  make holes 
w i t h  a th inner  glass 1 ining. The essent ia l  s t ruc tu ra l  d i f fe rence 
from the me1 ting-consol i da t i ng  design i s  t h a t   he heated penetrator 
i s  not a s o l i d  conical body but  has the fr?m o f  : r i n g  o r  torus 
w i t h  a small hole i n  the center as shown f n  Fig. 3. Par t  o f  th?  
rock-melt i s  forced upward and outward and upon cool ing forms the 
hard g lass- l i ke  l i n i n g  o f  the hole. Most o f  the melt, however, i s  
forced cp through the cent ra l  hole i n  the penetrator i n t o  what i s  
ca l l ed  the "extrusion zone". I n  the upper p a r t  o f  t h i s  zone the 
mel t  i s  cooled and s o l i d i f i e d ;  the extruded s o l i d  debris i s  then 
car r ied  t o  the surface by the cool ing gas flow. 

Special Features and Potent ia l  Appl !cat ions o f  the Subterrene 

With the Subterrene concept the three major facets o f  excava- 
t ion,  namely, rock f rac tur ing ,  debris removal, and wal l  s tab i l i za -  
t ion,  are attacked i n  a s ing le  in tegrated operation. I n  loose o r  
porous formations the debr is  removal operat ion i s  el iminated by 
density cons 11 i d a t  ion. Another unique advantage o f  t:te Subterrene 
system concept i s  t h a t  the holes are automatical ly l i n e d  w i t h  a 
hard g lass- l i ke  material .  I t  may thus bs possible t o  e l iminate the 
cos t l y  and time-consuming procedure o f  i nse r t i ng  and cementing 
metal casings t y p i c a l l y  associated w i t h  we l ls  d r i l l e d  w i t h  r o t a r y  
b i t s .  

Studies made a t  Los Alamos ,omblned w i t h  a survey o f  po ten t i a l  
users i n  industry  have revealed a la rge  number o f  po ten t i a l  app l i -  
cat ions o f  the Subterrene, The system's inherent a b i l i t y  t o  make 
holes o f  precise diameter could be u t i l i z e d  i j i  producing holes f o r  
anchoring st ructures such as bridges, TV towers, and transmission 
1 ine towers. Emplacement holes f o r  anchoring pipe1 ine supports 
could be r e a d i l y  melted i n  d i f f i c u l t  mater ia ls  such as Alaskan 
permafrost. Loose gravel and other  unconsol idated formations are 
d i f f i c u l t  t o  d r i l l  and s t a b i l i z e  w i t h  conventional r o t a r y  equipment. 
The Subterrene, which would leave a g lass- l ined hole, provides a 



so lu t i on  t o  t h i s  d i f f i c u l t y .  Conversely, hard abras ive rocks can 
a lso  be penetrated because t he  me l t i ng  temperature, no t  t he  hard- 
ness o r  abrasiveness, determines the  usefulness o f  the Subterrene. 

From the  viewpoint  o f  t h e  energy research and development 
programs a t  Los Alamos, two p o t e n t i a l  uses a re  o f  spec ia l  i n t e r e s t .  
The f i r s t  invo lves me l t i ng  holes i n  ho t  rocks f o r  t he  e x t r a c t i o n  o f  
geotherinal energy. Since the  pene t ra t ion  o f  the  Subterrene depends 
on the  me l t i ng  o f  the rock, t he  h igh  i n  s i t u  temperatures w i l l  be 
bene f i c i a l  i n  saving thermal energy an4 inc reas ing  the  pene t ra t ion  
ra te .  The second i s  r e l a t e d  t o  the  LASL program f o r  developing 
underground superconduct i ng transmission 1 i nes f o r  e l e c t r i c a l  power. 
A t  present, such l i n e s  would have t o  be l a i d  i n  t renches which 
could on ly  be dug w i t h  considerable environmental d i s rup t ion .  With 
e Subterrene, however, ho r i zon ta l  holes cou ld  be melted w i t h  a 
minimum disturbance of t he  ground surface, 

ORIGIN OF THE TECHNOLOGY 

During the  past  decade many innova t i ve  and ingenious ideas 
re1 ated t o  improving drS 11 i nq technology have been proposed and 
invest igated.  While rock has been d r i l l e d  and f r ac tu red  w i t h  
every th ing from l ase r  beams t o  a r t i l l e r y  cannons, l i t t l e  impact has 
been made on the p r ina r ;~  method o f  r o t a r y  d r i  11 'ng. Since the  
d r i l l i n g  of we l l s  s t i l l  employs t he  basic technology of many years 
ago, the ~ o t i v a t i o n  f o r  the techno log is t  t o  l ook  a t  o ther  ways t o  
vake deep holes i n  the e s r t h ' s  c r u s t  i s  t-igh. 

The basic no t i on  of developing an excavat ion t o o l  based upon 
the me l t ing  - f  rocks and s o i l s  was generated by the  need f o r  very  
deep d r i l l i n g  as proposed i n  the  o r i g i n a l  Mohole Pro jec t .  The rock  
me l t ing  idea recognized t h a t  very  deep i n  t he  ea r t h  extremely h i gh  
temperatures - approaching rock me l t i ng  po in t s  - would be evcoun- 
tered, Therefore a t o o l  t h a t  formed the borehole by me l t i ng  cou ld  
uniquely so l  VP t h i s  problem. The r e f r a c t o r y  mater i  a1 s and thermal 
engineering ~ x p e r t f s e  t h a t  have been brought t o  bedr on t he  sub- 
sequent R&D e f f o r t  were spun-of f  from tbe AEC-NASA nuc lear  rocke t  
propuls ion program (Rover) which o r i g i na ted  a t  LASL, I n  f a c t ,  the  
idea o f  e l  ectr ica ' ,  1 y heat ing r e f r a c t o r y  metal pene t ra to rs  calve 
d i r e c t l y  f r o n  an experimental heat t r a n s f e r  apparatus i n  which the  
f i s s i o n  heat ing o f  nuclear f u e l  elements was simulated by e l e c t r i -  
ca l  res is tance heating. The experierice i n  thermal and mechanical 
design o f  such componenrs i s  d i r e c t l y  r e l a t e d  t o  the  ana lys is  and 
t e s t i n g  o t  h igh  temperature rock-melt ing penet ra tors .  Research 
a c t i v i t i e s  on metal and g raph i te  core n l ~ c l e a r  p ropu ls ion  reac to rs  
fo r  the  Rover Program resu l t ed  i n  s i g n i f i c a n t  higt- temperature 
mate r ia l  s science technology : 7 ~elopments,  Of parL , r u l a r  impor- 
tance were the d e v e l o p ~ e n t  4,. , .-operty determinat ions o f  spec ia l  - 
i zed noni so t rop ic  yraphi  t e  cd!~,:c,si tes  c u r r e n t l y  used f o r  heat ing 
elements and f nsu la to rs  i n  Subterrene penetrators.  



DISSEMINATION OF THE TECHNOLOGY 

It has been stated3 t h a t  the dissemination o f  technical i n f o r -  
mation i s  not  i d e n t i c a l  w i t h  technology t ransfer .  Not only i s  i t  
possible, bu t  i n  many cases even probable, t h a t  vast  amounts of 
technical mater ia l  can be disseminated wi thout  ever achieving a 
nnrr iage between the problems of the users and the proposed tech- 
nological solutions. Despite t h i s  obvious p i  tfa11, what technolo- 
g i s t  w i t h  a po ten t i a l  so lu t ion  t o  an e x i s t i n g  problem would no t  
begin the arduous task o f  technology t rans fer  by adver t i s ing  h i s  
system by word o f  mouth and w r i t t e n  documents? It appears abun- 
dant ly  c lea r  t h a t  the technologist  must take the i n i t i a t i v e  i n  t h i s  
matter. His task i s  t o  c l e a r l y  del ineate the problem areas, estab- 
1 i s h  a d e f i n i t e  need f o r  h i s  product o r  system, and then r i s e  t o  
the occasion o f  educating and persuading the decis ion makers i n t o  
accepting h i s  s o l ~ t i o n . ~  

For the general f i e l d  o f  d r i l l i n g  and excavation technology, 
c l e a r l y  de l ineat ing  some o f  the major problem areas was a s t ra igh t -  
forward task, To name on ly  a few, the fo l low ing problems seemed 
s ign i f i can t :  

High costs associated w i th  geothermal energy d r i l l i n g .  

High costs associated w i th  d r i l l i n g  deep wells, pa r t i cu la r -  
l y  as a r e s u l t  o f  t r i p  t ime spent making downhole equipment 
changes. 

Hole s t a b i l i t y  problems i n  weak caving ground. 

High c u t t e r  costs and low l i f e t i m e  when bor ing i n  very hard 
abrasive rock. 

Maintaining a sustained advance r a t e  when boring i n  wet and 
var iab le  loose ground. 

Armed w i th  data such as t h a t  depicted i n  Fiqs. 4 and 5, the 
f i r s t  p a r t  o f  the c;se i s  prepared. Establ ish ing a def;nite need 
f o r  the new product o r  system i s  usua l ly  construed t o  mean having 
a design, perhaps even a working laboratory o r  f i e l d  scale demon- 
s t r a t i o n  model, t ha t  o f f e r s  a technological o r  economic incent ive 
t o  the user i n  one o r  more o f  the s i g n i f i c a n t  problem areas. The 
technologis t  i s  now faced w i t h  the problem o f  educating and per- 
suading the decision makers i n t o  accepting h i s  so lut ion.  The f i r s t  
major step i n  t h i s  l a t t e r  problem i s  o f ten  faced squarely i n  pre- 
paring a technical proposal f o r  research and development work t o  a 
1 i kely funding hgency. Success i n  t h i s  endeavor, however, only  
qua1 i f i p s  one t o  undertake the rea l  challenge o f  technology d is -  
seminat.~on and t ransfer .  

The technology dissemination e f f o r t s  expended by members of 
the Subterrene program a t  Los Alamos have been extensive i n  both 
scope and depth. Approximately 40 technical papers and repor ts  
have been w r i t t e n  by the pro jec t  s t a f f  on a l l  phases o f  Subterrene 



a c t i v i t i e s  f o r  d i s t r i b u t i o n  and p resen ta t ion  a t  var ious techn ica l  
soc ie ty  meetings. These repo r t s  cont inue t o  be i n  demand and a re  
forwarded t o  a1 1 i n t e res ted  organizat ions and i nd i v i dua l s ,  The 
Subterrene was featured on the f r o n t  covers of the June 1973 issue 
of "Mining Engineering" and the  J u l y  1973 i ssue  o f  "Water We1 1 
Journal". Both issues contained accompanying a r t i c l e s .  An a r t i c l e  
e n t i t l e d  "Subterrene Rock Me1 t i n g  Devices" was prepared a t  the re-  
quest o f  t he  e d i t o r  o f  "Tunnels and Tunnel l ing"  magazine and 
appeared i n  t he  January-February 1974 issue o f  t h i s  i n t e r n a t i o n a l l y  
d i s t r i b u t e d  pub l i ca t ion .  Th is  p u b l i c a t i o n  i s  a l s o  t he  news o u t l e t  
f o r  t he  B r i t i s h  Tunnel l ing Society. I n  con junc t ion  w i t h  t he  a p p l i -  
c a t i o n  o f  rock-mel t ing techniques t o  l a r g e  diameter tunne l ing  
machines, a l l  major U.S. tunnel  -bor ing machine manufacturers were 
v i s i t e d  and b r i e f e d  on t he  Subterrene concept. Technical comments 
and suggestions from t h e i r  engineer ing s t a f f s  were u t i l i z e d  as 
gu ide l ines  i n  t h e  conceptual s tudy o f  a  Nuclear Subterrene Tucnel- 
i ng  Machine. 

Technical b r i e f i n g s  presented t o  i n t e r e s t e d  i n d i v i d u a l  s  and 
groups by the Subterrene s t a f f  cont inue a t  t he  r a t e  o f  about ten  
per month. I n t e res ted  i n d i v i d u a l s  and groups i nc l ude  members of 
the Uni ted States Congress, rep resen ta t i ves  of major i n d u s t r i a l  
concerns, representat ives o f  the armed forces, u t i  1  i t y  and power 
d i s t r i b u t i o n  spec ia l i s t s ,  d r i l l i n g  and o i l - f i e l d  s p e c i a l i s t s ,  
Un i ve r s i t y  professors,  p ro fess iona l  engineers, and c o l l  ege s tu-  
dents, For use a t  meetings which cannot be at tended by a  member of 
the techn ica l  s t a f f ,  a  sho r t  documentary colot-  f i l m  on the Sub- 
te r rene  concept has been produced w i t h  n a r r a t i o n  v i a  casset te  tape. 

Recognizing the importance o f  i n d u s t r i a l  p a r t i c i p a t i o n  and t he  
des i re  f o r  j o i n t  ventures, d iscussions he ld  w i t h  Westinghouse Corp. 
l e d  t o  an I n d u s t r i a l  S t a f f  Member being assigned t o  the LASL Sub- 
te r rene  p ro j ec t .  I n  add i t i on ,  a  Technology Advisory Panel was 
s t ruc tu red  and formed w i t 1 1  the  f o l l o w i n g  i n i t i a l  membership: 

Chairman - A person w i t h  broad engineer ing experience, 

One member from a Federal Agency w i t h  i n t e r e s t  and respon- 
s i b i l i t i e s  i n  tunne l ing  and excavat ion 

A U n i v e r s i t y  professor  from a c i v i l ,  mining, o r  geolog ica l  
engineer ing department w i t h  wel l - recognized expe r t i se  i n  
excavat ion technology. 

9n economist w i t h  expe r t i se  i n  excavat ion technology. 

Three representat ives from r e l a t e d  indus t r ies .  

The f unc t i on  o f  t h i s  panel i s  t o  overview a l l  aspects o f  the Sub- 
ter rene Program and prov ide balanced techn ica l  i n p u t  and guidance 
on program d i r e c t i o n ,  goals, techn ica l  achievements, s i g n i f i c a n t  
shortcomings, and techno1 ogy t r a n s f e r  e f f o r t s  d i r ec ted  toward u l  t i -  
mate comnercial u t i l  i z a t i o n .  To prov ide s p e c i f i c  ass is tance i n  the 
area of the geolog ica l  sciences, a Geosciences Advisory Panel has 



been formed which meets p e r i o d i c a l l y  a t  Los Alamos and addresses 
those issues which may have a s i g n i f i c a n t  impact on the technical 
success o f  the Subterrene. 

I n i t i a l  impact i n  the area o f  publ ic  demonstrations has been 
achieved through the use o f  a mob-; 1 e Subterrene f ield-demonstra- 
t i o n  u n i t  which performed successful ly before several groups i n  
Washington, DC. The demonstrations were held a t  the U.S. Army's 
Engineering Proving Grounds quarry area a t  For t  Belvoi r ,  VA, Among 
the estimated 300 persons who attended one of the four scheduled 
demonstrations were representat ives from Congress, U.S. Government 
agencies, the news media, equipment manufacturers, and excavation 
f irms. A s im i l a r  demonstration was conducted s h o r t l y  thereafter a t  
the Denver Federal Center i n  Denver, CO, 

D i rec t  assistance i n  i d e n t i f y i n g  po ten t i a l  appl i c a t i o n  areas 
fo r  Subterrene techno1 ogy was sought from Government agencies, 
Univers i t ies,  i n d u s t r i a l  f i rms and i n d u s t r i a l  research centers 
through the mechanism o f  a survey appl icat ions l e t t e r .  Port ions of 
t h i s  l e t t e r  a re  reproduced below: 

"One 06 owr lmb h t o  p e p m e  an initiae lrepottt on 
p0temXa.t appkXcatiom 06 40th  m e e t i n g  604 t h e  ph.ucti& 
p o b l e m  0 6  tunnee-ing, excavating and hole bating. 

Thmedotre, we atre attempting t o  cluhvey thoac cornpan& 
w i t h  w&-lrecognized c a p a b U t i e b  i n  Xhe ~ u c c u a 6 u l  applica- 
.tion 0 5  ptaent-day excavation technoLogy. We m e  pahti- 
cLLeah& intmated i n  t h e  u r a y ~  i n  u~hich a p o t W  ~ o c b -  
meeting device might complement 04 nupp~ement cu/vrent zquip- 
ment orr method6. We me a h o  i n t e h a t e d  i n  so f ic ik ing  Rhe 
him dart appkXadionb neeat ive  t o  Xhe p a c t i c a l  neecb 0 6  
Rhe manu6actmet, contxactan and enginem. 

Wc (uodd gt&y apprtmi.de t h e  c o o p W i o n  0 6  you& 
otgavtization i n  advi~. ing w 06  cry applicatc  that track 
neRting may have dorr yourr pe5 cnt excavatio,  tati ion^, 
olr dort planned prro ject%", 

I n  add i t ion  t o  the spec i f i c  suggestions and reservat ions tha t  
were received as a r e s u l t  o f  t h i s  survey l e t t e r ,  the Subterrene 
staf f  became convinced through numerous discussions, l e t t e r s ,  and 
phone ca l l s ,  t h a t  the contacts shared two almost universal re-  
sponses t o  the rock-me1 t i n g  concept: 

The idea was recognized as a total-systems approach t o  the 
problems o f  d r i l l i n g  and tunnel ing and no t  as j u s t  another 
means of breaking rocks. 

Although the approach was a+ f i r s t  considered rad i ca l  by 
many pragmatic-minded excavation p r d c i i  t ioners,  t h e i r  re-  
act ions were almost always pos i t i ve  and even enthusiast ic.  
Support for continued development o f  the technique was 
nearly unanimous. 



TRANSFER OF THE TECHNOLOGY 

I f  t he  techno log is t  had the  same i p t i t u d e  i n  adopt ing the  
co r rec t  market ing posture as he possessed i n  p rov i d i ng  t he  techn i -  
ca l  st in iu lus f o r  innovat ion,  t he  chal lenge o f  t he  technology t rans-  
fe r  task would be g r e d t l y  reduced, Prov id ing the essen t ia l  i n -  
gred ients  f o r  the  marr iage between h i s  technolog ica l  ou tpu t  and the  
crav ings of h i s  customers i s  o f t e n  an unrecognized task o f  f i r s t  
magnitude. With regard t o  technology t r ans fe r  and the  petroleum 
indust ry ,  Brown4 has s ta ted  t h a t  overcoming e x i s t i n g  b a r r i e r s  w i t h  
new technology w i l l  o n l y  take p lace i f  i t  o f f e r s  advantages which 
can u l t i m a t e l y  be t r a n s l a t e d  i n t o  more e f f i c i e n t  operat ions,  The 
petroleum indus t ry ,  1  i ke many o ther  l a r g e  i ndus t r i es ,  j u s t i f i a b l y  
p r ides  i t s e l f  on i t s  s e l f  s u f f i c i e n c y  and competence and t he re fo re  
res is tance  can be expected i f  anyone ou ts ide  t h e i r  confines s t a r t s  
t e l l i n g  i t  how t o  ge t  t he  j ob  done. 4 

The f i r s t  s i g n i f i c a n t  s tep i n  the  Subterrene technology 
t r a n s f e r  program occurred when e i g h t  water dra inzpe holes were 
me1 t ed  w i t h  a  f i e l d  demonstration u n i t  a t  the  Rain~)ow House and 
Tyuonyi archaeolog ica l  r u i n s  a t  Bandel ier  Nat iona l  X~nument i n  New 
Mexico i n  cooperat ion w i t h  the  Nat iona l  Park Service, By u t i l i z i n g  
a  consol i dat ion  penet ra tor ,  the  requ i red  glass-1 ined  drainage holes 
were made w i thou t  c rea t i ng  debr i s  o r  endangering the  r u i n s  from 
mechanical v i b ra t i ons .  S p e c i f i c a l l y ,  t h i s  opera t ion  has shown the  
fo l lowing:  

Subterrenes can be operated success fu l l y  under f i e l d  con- 
d i t i o n s  and i n  areas remote from the labora to ry .  

The conso l ida t ing  pene t ra to r  can make i t s  way through 
a1 1 u v i a l  f o r n i a t i ~ n s  con ta in ing  some moderately s ized 
basal t i c  rocks by thermk 1 l y  f r a c t u r i n g  the  rocks and 
fo rc ing  the m e l t  i n t o  the  surrounding s o i l  through the 
cracks, 

@ The Subterrene rock-mel t ing u n i t  was turned over t o  the 
Nat iona l  Park Serv ice (NPS) a f t e r  complet ion o f  the  f i r s t  
f i v e  holes a t  Bandel ier  and a f t e r  s u i t a b l e  t r a i n i n g  o f  NPS 
personnel. The NPS subsequently me1 ted t h ree  more holes 
w i t h  minimal LASL supervis ion.  

A Subterrene f i e l d  demonstration u n i t  was sent t o  the c i t y  of 
Tacoma, WA t o  p a r t i c i p a t e  i n  t h e i r  Technology Transfer F i e l d  Days 
Demonstration a t  t h e i r  request. A f t e r  performing f o r  the  general 
pub l i c ,  the  u n i t  was viewed and operated by personnel associated 
w i t h  underground u t i l i t y  emplacements. Suck1 demonstrations, 
p a r t i c u l a r l y  when they i nvo l ve  t he  product ion o f  use fu l  ho les by 
nonlaboratory work crews, a re  f e l t  t o  be s i g n i f i c a n t  advances i n  
t b ?  technolocjy t r a n s f e r  arena. A b r i e f  summary o f  these a c t i v i t i e s  
i presented i n  Table I. 

This technology i s  s t i l l  fac ing,  however, some o f  the  d i f f i -  
c u l t  questions which a r i s e  i n  d isseminat ing technolog ica l  achievs- 



TABLE I 

LASL INITIATIVES I N  TECHNOLOGY DISSEMINATION AND TRANSFER 

DOCUMENTAT I O N  

LASL Reports 

Tec hn i cal  So- 
c i e t y  Reports 

Extensive Mai 1 - 
ing L i s t  f o r  
Reports 

Applications 
Survey Le t te rs  

Journal Covers 
and A r t i c l e s  

Subterrene 
F i  1m 

Replies t o  In -  
dus t r i a l  Inqui -  
r i e s  

BRIEFINGS 

Technical Soci- 
e t y  Presenta- 
t ions .  

A1 1 Interested 
V is i t o rs  t o  
LASL 

V i s i t i n g  Lec- 
t u r e  Tours 

Prospective 
Funding Agency 
Br ie f ings  

Major Tunnel - 
Boring Machine 
Manufacturers 

ADVISORY 
PANELS DEMONSTRAT IONS 

Technology Ad- Rock Mel t ing 
v isory  Panel Demonstrations 

f o r  V i s i t o r s  a t  
Geosciences LASL 
Advisory Panel 

Washington, DC 
I n d u s t r i a l  S t a f f  F i e l d  Demonstra- 
Members t i ons  

National Science Denver Federal 
Foundation Pro- Center F i e l d  
gr.ciz Managers Demonstrations 

In te rna l  LASL Tacoma, WA 
S t a f f  Reviews Techno1 ogy 

Transfer F i e l d  
Days 

Drainage Holes 
a t  Bandel i e r  
National Monu- 
ment 

ments which r e s u l t  from fede ra l l y  funded R&D p ro jec ts .  I n  p a r t i -  
cular,  the areas of patents and exclus ive 1 icensing agreements are  
paramount. The current  concept o f  grant ing %on-excl usive" 1 i- 
censes to  s t imulate comnercial i zat ion o f  government patented tech- 
nology i s  general ly unacceptable t o  indus t ry  and under t h i s  pro- 
cedure government owned patents by the thousands l i e  dormant. Un- 
used government patents cons t i tu te  more than j u s t  a simple waste of 
valuable resources since t h e i r  very existence can exe r t  a s i g n i -  
f i can t  negative in f luence on those p r i va te  sectors which might be 
q u a l i f i e d  t o  e x p l o i t  the covered technology f o r  p ro f i t . '  I t  i s  no t  
d i f f i c u l t  t o  comprehend why few commercial f i rms are in te res ted  i n  
invest ing t h e i r  funds o r  developing a market f o r  items whose patent 
r i g h t s  they do r 9 ~  contro l ,  since subsequent competi t ion could get 
unfa i r  addantage o f  t h i s  i n i t i a l  investment " f o r  f ree" .  A postu- 
l a t e ~  so lu t ion  might consis t  o f  grant ing exclusive 1 icenses fo r  de- 
fined purposes w i t h i n  the patent, each w i t h  a spec i f i c  performance 
clause, and inc ldd ing  protect ion f o r  subsequent government use, f o r  
any p a r t i c u l a r  government patent. The intended payoff  t o  the 
government and the taxpayers tha t  financed the R&D would be the 
t imely and e f f e c t i v e  i n j e c t i o n  o f  the technology i n t o  the U.S. 
economy. 



The impact of t h i s  patent  problem on new technology has been 
i l l u s t r a t e d  i n  the  Subterrene program. What has appeared t o  be 
keen i n t e r e s t  on t he  p a r t  o f  i n d u s t r i a l  organizat ions has s low ly  
ebbed away i n  l i g h t  o f  t h e i r  i n a b i l i t y  t o  ob ta i n  any form o f  ex- 
c lus i ve  1 icens ing o r  p ro tec t i on  o f  t h e i r  proposed investnients. An 
except ion appears t o  be the format ion o f  a company c a l l e d  Sub- 
ter rene Systems, Inc .  which intends t o  produce c o m ~ e r c i a l  i zed  r ~ c k -  
me1 t i n g  penet ra tor  components. This problem has been encountered 
from the proposed development o f  spec ia l  purpose rock-mel t ing pene- 
t r a t o r  assemblies f o r  use by comnercial organizat ions down t o  the  
a c q u i s i t i o n  o f  an i n d u s t r i a l  stafS member t o  work a t  LASL, t he  do- 
na t i ng  organizat ions demanding some p r s t e c t i o n  o f  t h e i r  investment. 
While t h e  s o l u t i o n  o f  t h i s  problem l i e s  ou ts ide  t he  realm of t h e  
technolog is t ,  i t s  eventual  outcome has a s i g n i f i c a n t  impact on h i s  
a b i l  i t y  t o  complete h i s  technology t r a n s f e r  task.  

I n  conc lus ion i t  appears t h a t  a l l  o f  t hp  p re l im ina ry  steps i n  
ach iev ing the t r a n s f e r  o f  a new technology have been accomplished 
by the  Subterrene s t a f f .  The techn ica l  needs were i d e n t i f i e d  i n  
depth, t he  appl i c a b l e  aerospace technology was d i r ec ted  toward t he  
development and t e s t i n g  o f  a new system, and a vas t  program i n  
technology d isseminat ion was imp1 emented . To consumate the mar- 
r iage ,  however, a l a r g e  sca le  commercial u t i l i z a t i o n  o f  the  tech-  
nology i s  requi red.  
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Fig .  4 .  Well costs as a  func- 
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SNEAK CIRCUIT ANALYSIS OF INSTRUMENTATION & CONTROL SYSTEMS 

John P. Rankin 

A l f r e d  M. Wi l l iams 

Sneak C i r c u i t  Analys is  was begun i n  1  a te  1967 by The Boeing 
Company as p a r t  o f  the  Apo l lo  Technical  I n t e g r a t i o n  and Evalu- 
a t i o n  con t rdc t  w i t h  NASA's Manned Spacecraf t  Center i n  Houston. 
An ana lys is  o f  tne NASA Skylab was performed f o r  the Ma r t i n  
Ma r ,2 t t a  Company beginn ing i n  1972 and l a s t i n g  through 1974. Most 
r ecen t l y  the  analys is  o f  the Space Shu t t l e  has begun through a 
con t r a c t  w i t h  Rockwell I n t e r n ~ t i o n a l  . The use o f  t h i s  techno1 ogy 
i n  non-aerospace i n d u s t r i e s  has been i n i t i a t e d  w i t h  analyses of  
Ins t rumentat ion and Control  systems o f  f a c i l i t i e s  such as the 
AEC Hanford Works and Savannah R iver  P lan t .  

Sneak C i r c u i t s  are l a t e n t  paths i n  e l e c t r i c a l  designs t h a t  
genera l l y  e x h i b i t  unapparent cause-ef fect  r e l a t i o n s h i p s  and may 
i n h i b i t  a  des i red operat ion o r  i n i t i a t e  an unintended ac t ion .  
Some sneaks are evidenced as "g l  i tches ," o r  spur ious opera t iona l  
modes. H i s t o r i c a l  ly, sneak c i r c u i t s  have escaped r i g i d  design 
screens and resu l t ed  i n  delay o r  l oss  of revenue a f t e r  occur- 
rence dur ing  opera t ion  o r  de tec t ion  i n  t es t s .  As shown through 
f i v e  years o f  Boeing experience i n  formal sneak c i r c u i t  ana lys is  
i n  aerospace, conmercial , and nuc lear  i ndus t r i es ,  sneak c i r c u i t s  
have d i s t i n c t  c h a r a c t e r i s t i c s  i n  a1 1 e l e c t r i c a l  systems. These 
c h a r a c t e r i s t i c s  enable formal ana lys is  techniques t o  de tec t  
sneak ex is tence i n  e l e c t r i c a l  designs be fo re  c o m i  t t i n g  hardware 
t o  product ion,  t es t ,  o r  operat ion.  The ana lys is  i s  based upon 
simple topo log ica l  r ecogn i t i on  c h a r a c t e r i s t i c s  and t r e a t s  a1 1 
normal and abnormal modes equa l l y .  

The i n i t i a l  e f f o r t  i n  1967 and 1968 evolved from c r i t i c a l  
concern f o r  crew sa fe t y  and invo lved  d d t a i l e d  review o f  h i s t o r i c a l  
i n c i den t s  o f  sneak c i r c u i t s  i n  var ious e l e c t r i c a l  systems. For  
the study, a  sneak c i r c u i t  was def ined as ". . . a designed-in 
s i gna l  o r  cu r ren t  path which causes an unwanted f unc t i on  t o  occur 
o r  which i n h i b i t s  a  wanted t unc t i on . " '  The d e f i n i t i o n  was meant 
t o  exclude component f a i  l u res  and e l e c t r o s t a t i c ,  e lectromagnet ic,  
o r  leakage paths as c a u s a t i v ~  factors .  I t  a lso  excluded i m -  
proper  system performance due t o  marginal parametr ic  f ac to r s  
o r  s l  i g h t l y  out -o f - to lerance cond i t i ons  . 

PRECEDING PAGE BLANg NOT FIU6D 



The review invo lved  a number o f  unexpected occurrences 
suspected o f  resu l  t i n g  from sneak c i  r c u i  t s  . Notable i n c i  dents 
were : 

1. m i ss i l es  acc i den ta l l y  launched, 
2. bombs acc i den ta l l y  armed and dropped, 
3. a i r c r a f t  e l e c t r i c a l  system "unannounced f a i  1 ures" 1 eadi ng 

t o  crashes, 
4. e l e c t r o c u t i o n  o f  an e l e c t r i c  u t i l i t y  1 inernan, and 
5. h y d r a u l i c  analog wherein f i r e  alarms were f a l s e l y  i n i t i d t e d  

a t  a pub1 i c  shcool by t h e  automatic s p r i n k l e r  mon i to r ing  
system. 

One conc lus ion from the  i n c i d e n t  i nves t i ga t i ons  was t h a t  sneaks 
are un ive rsa l  i n  complex e l e c t r i c a l  systems and t h e i r  analoqs. 
H i s t o r i c a l  l y  , they happen and then are cor rected.  The remainder 
o f  t h i s  a r t i c l e  w i l l  descr ibe the  evolvement and implementation 
of a systemat ic means f o r  de tec t ing  the  sneak prone designs of 
an e l e c t r i  ca1 system which could  resu l  t i n  such unplanned modes 
so t h a t  they can be prevented p r i o r  t o  occurrence. 

MERCURY -REDSTONE INCIDENT 

On November 21 , 1961 , the  Redstone boos te r ' s  engine roared 
t o  l i f e ,  and the veh ic le  began t o  l i f t  o f f  the  pad. Suddenly, 
a f t e r  a " f l i g h t "  o f  a few inches, the  engine i nexp l i cab l y  cu t  off 
The booster  s e t t l e d  back onto the pad. The Mercury capsule 
j e t t i s o n e d  and came t o  r e s t  about 1200 f t .  away. Damage was 
s l i g h t ,  and both the  booster  and the Mercury capsule were sub- 
sequently used i n  o ther  t e s t s .  However, a po ten t i  a l l y  exp los i  v? 
cond i t i on  ex i s t ed  on the pad, and the area had t o  remain c l e a r  
f o r  28 h rs .  f o r  the Redstone b z t t e r i e s  t o  d ra i n  down and the  
1 i q u i d  oxygen t o  evaporate. I n v e s t i g a t i o n  showed t h a t  no com- 
ponents had f a i l o d .  A sneak c i r c u i t  had occurred t o  shut o f f  the 
engine, and t h i s  i n  t u r n  i n i t j q t e d  the  capsule j e t t i s o n .  As the 
booster  l i f t e d  from the pad, a ground t a i l  p l  uo disconnected 
about 29 msec p r i o r  t o  con t ro l  umb i l i ca l  d isconnect.  The d i s -  
connzct t im ing  i n t e r rup ted  the normal r e t u r n  path t o  m i s s i l e  s k i n  
f o r  the  1 auncti complex equipment. Thus f o r  several  mi 11 i seconds 
the cur ren t  f13wed through a sneak r e t u r n  path,  as shown i n  F ig .  1. 
The sneak was of s u f f i c i e n t  du ra t ion  t o  operate the engine c u t o f f  
c o i l  and create a su rp r i se  abor t .  

Study o f  the r e l u c t a n t  Redstone c i r c u i t  i n  F ig .  1 shcws t h a t  
c h a r a c t e r i s t i c s  o f  the  sneak were an i n t e r r u p t e d  ground ( r e t u r n )  
path and cur ren t  reversa l  conducted through a suppressor diode. 
A d d i t i o n a l l y ,  the ground path i n t e r r u p t i o n  can be considered a 
t i m i n g  problem s i m i l a r  t o  a r e l a y  race. However, these charac- 
t e r i s t i c s  ;re merely s9ec i f i c  c lues r e l a t i n g  t o  the i n c i d e n t .  
Recogni t ion o f  the sneak p o t e n t i a l  o f  the c i r c u i t  as a general 
case i s  a t t a i ned  by drawing the c i r c u i t  as shown i n  F ig .  2 ,  The 
approach i s  " topo log ica l  " i n  the sense t h a t  unswitchable (unre- 
movable) power i s  always assumed t o  be a t  the tope o f  the " t r e e "  



and unswitchable ground a t  the bottom. F igure  2 shows two t rees 
because, bar r ing  s h o r t - c i r c u i t  modes, the i g n i t i o n  c o i l  ct rcu i  t 
cannot affect the c u t o f f  c o i l  c i  r c u i t r y ;  t h a t  i s ,  i t  4s hard- 
wired t o  power above the h ighest  l e v e l  o f  switching i n  the  c u t o f f  
c i  r c u i  t . 

Pig. 1. The reluctmt Redstor.e rneak circuit .  

V w e ~  P m  L*~u,r 

136. 2. "Topological tree" kavlnga of Redrtone circult. 



Inspection shows t h a t  there i s  no way f o r  a sneak t o  occur 
i n  the i g n i t i o n  coi 1 c i r c u i t .  I t  can on ly  f a i  1  , o r  i t may n o t  
be enabled when required, which i s  t yp i ca l  o f  single-1 i ne  trees. 
However, the c u t o f f  c o i l  t ree  i s  somewhat more involved. I t s  "H" 
pat tern should be i m n e d i ~ t e l y  noted. Further inspect ion shows 
tha t  current can reverse through the hor izonta l  branch, depending 
upon switch conf igurat ions. ( I n  t h i s  context anything tha t  i s  
designed t o  i n t e r r u p t  path con t i nu i t y  i s  considered t o  be a 
swi tch. This i n c l  ubes manual switches , umbi 1 i cal disconnects, 
re1 ay contacts, fuses, c i r c u i t  breakers, t rans is to rs ,  and o ther  
so l id -s ta te  switches.) Thus current  reversal i s  t y p i c a l  of "Y" 
patterns i n  topological trees. However, the probabi 1 i t y  and 
magnitude o f  reverse current o f  course depends upon many factors,  
inc lud ing  switches i n  the v e r t i c a l  branches, in te r locks  on switch 
operations, re1 a t i  ve impedances i n  the branches, and existence o f  
diodes o r  other  current 1 im i te rs  . 

The p r i nc ipa l  lesson t o  be learned from t h i s  example i s  t h a t  
topoiogi cal t ree o r i en ta t i on  provides a pa t te rn  recogni t ion basis 
f o r  appl icat ion o f  spec i f i c  sneak clues. Clues can be s ta ted  
many ways and are q u i t e  numerous, as derived from the l i t e r a t u r e  
search plus Apt experience. I n  fac t ,  the number o f  clues and 
many ways o f  s  -.: - .g them can become confusing f o r  most analysts. 
Fortunately, topological pat-iern recogni t i o n  provides ar, ordering 
of clue appl icat ion tha t  keeps the analysis qimple. For example, 
few people imnediately sep the sneak p o s s i b i l i t y  i n  Fig. 1 when 
the sneak path i s  rlot h igh l igh ted  wZth arrows. However, i f  an 
analyst i s  forewarned t h a t  "H" patterns lead to  reverse current 
p o s s i b i l i t i e s  (depending upon t iming, etc. ,  per a se t  o f  s p e c i f i c  
clues),  then the sneak i s  r e z d i l y  apparent i n  the topolog'cal t ree 
o f  Fig. 2 even without arrows Thus the re luc tan t  Redstone pro- 
vided the breakthrough fo r  sneak c i r c u i t  analysis development 
around topological recognit ion c r i t e r i a .  

TCIPOLOGICAL TECHKIQUES 

The Redstone example i l l u s t r a t e s  only  one of four  possible 
basic patterns t o  be considered i n  the topological  apprcach t o  
sneak c i  r cu i  t analysis.  Before the technique i s  f u r t h e r  deta i led,  
however, i t  's necessary t o  redef ine the scope o f  the analysis 
t o  i t s  current use. The h i s t o r i c a l  d e f i t ~ i t i o n  remains v a l i d  i n  
t h a t  a sneak c i r c u i t  i s  s t i l l  taken to be a l a t e n t  path t h a t  
causes an unwanted funct ion o r  i n h i b i t s  a d e s i r ~ d  func t ion  w i th -  
out regard t o  component f a i l u r e .  However, the path may consist  
cjf wires, components, software in ter faces,  people (as switch 
manipulators), and energy (as l i n k s  tetween c o i l s  a ~ d  t h e i r  
contacts, f o r  example). The sncak path w i l l  cause current  o r  
energy t o  f l ~  along an unexpected route created by power supply 
cross t i ;?s,  unant ic ipated ground ,.vi tch operations, e t c .  Sneak - 
timin  may be ir lvolved to  cause c u r w n t  o r  energy f low o r  t o  
d t  a i . ct ior,  a t  an u~~expected time as i n  the case o f  
s:mul taneous opposing comnands . Sneak ind ica t ions  may give 
ambiguous o r  f a l se  display o f  system operation anJ cause confusion 



o r  f a i l  t o  g i v e  warnings. F i n a l l y ,  sneak l abe l s  on con t ro l  and 
d i sp l ay  panels may cause opera to r  confusion and vesul t i t 1  dppl i - 
ca t i on  o f  i q r o p e r  s t i m u l i  o r  i n h i b i t s .  

As previous ly stated,  f a i l e d  conrponents a re  n o t  s ~ e c i  f i  ca l  l y  
included, nor  are electromagnet ic in te r fe rences  o r  parametr ic  
concerns o f  marginal vol tages , inpedances, frequencies, e t c .  
This i s  not  t o  imply t h a t  the topo log ica l  technique w i l l  n o t  be 
h e l p f u l  i n  deal ing w i t h  such mat ters  ; i t  j u s t  has l tot  been done 
to  date on a complete and f o n i ~ d l  bds is .  Such concerns, i n  
general , address conponent se l ec t i on  i n  design itnpleten t a t i ons  , 
whereas sneak c i r c u i t  ana lys is  tias t r a d i t i o n a l l y  delved i n t o  
i d e n t i f i c a t i o n  o f  a l l  poss ib le  111o~icls o f  operation o r  i n h i h i  t s  o f  
a  system. 

Sneak c i r u c i t  ana lys is  i s  based upotr the pos tu l a te  t h a t  a l l  
topo log ica l  t rees consist. o f  ant? o r  ~ n o w  o f  the f o u r  poss ib le  
topographs, which can be assessed f o r  sneak p o t e n t i a l  a t  each 
node as i l l u s t r a t e d  i n  the ge t~e ra l  exa l~~ples g iven below. 

The on ly  sneak poss ib i  1  i t i e s  (c lues )  f o r  thc  s ing le -1  ine  
topogral i t~ (F i g .  3 )  at-:': (1 )  swi tcti S1 w i  11 tjtl open when load L1 
i s  desired, (2) 51 w i l l  bt? ~: losed  when L1 i s  riot desired. and 
( ; I  the labe l  o f  1.'1 :naj no t  w f l e c t  ttie tf-trt. f ~ r r i c t i on  o f  L1. 
Obvious 1) , such sntaks Are r a r t l l y  e n c o t ~ n ~ t \ t . t ~ ~ l  i l i r t l  t o  t h ~ i r  sitll- 
p l i i i t y .  Of course, t h i s  i s  t ! ~ c  t!ltrtilentary cdsc anti i s  g iven 
pi- ir:ari  1) as ttie dcfaul t case, which covers c i  1-cui t r v  r iot  i n -  
cluded by the o the r  topograyhs. 

I h i s  topograpti ar!d i t s  clvrt.  ( I )  perhaps could hdvc hecn 
used t o  p r c d i c t  thc po t c r i t i a l  f o r  inc i t ients  such as t ha t  a t  tht. 
O y s t ~ r  Creel p l an t  wherei t i  secondary containnwnt (vent  c1osur.c) 
.-apabi l i ty was 10s t whi l e  d n o n w l  ated c i  r i t r i  t hreahe~'  was pi11 l e d  
tot- roirt i ne  rilaintcnance.: I t  seprlls th,\t thp hredhcr lllodule i n -  
i ' ~ ~ ~ i ~ . d  ,] v t ~ t  (-1os;rt-t, criaol in!] c ~ n t r t c t  sp t  . which therefort? was 
p t i ~ s i  ,-,ti 1 rcr ia~vt~d (open) ,iut.inq per iod\  t hdt vent c losurv  p c r -  
ll,~ps i o ~ l  (1 be nctldc,i. T t ~ r  S ~ I X ~  ~ - 1  ut. III,~~ ,\l so t iaw dppl i e d  t o  tlit. 
i n o ~ : r d h l e  s taPidt~y i i i l ~ i i t l  i o r l t r o l  s ~ s t t . ~ ~  p r ~ t ~ l r 1 1 ;  ,tt Ovstcr i:rt\cl. ' 



and o ther  such po ten t i a l  problems as spec i f i ed  i n  various responses 
t o  the AEC l e t t e r  o f  December 22, 1972, which out1 ined the Oyster 
Creek problems as fol lows: 

"Two inc idents have occurred a t  a nuclear power p l a n t  t h a t  
i nd i ca te  a def ic iency i n  the contro l  c i r c u i t  design t h a t  warrants 
a review o f  the contro l  c i r u c i t s  of a l l  f a c i l i t i e s  t o  assure t h a t  
these types of de f ic ienc ies  do not  e x i s t  o r  a v  corrected if they 
do ex is t .  Both inc idents involved the inadver tent  d isab l ing  of 
a component by racking ou t  the c i r c u i t  breaker f o r  a d i f f e r e n t  
component. I n  one case, t h i  s caused the 1 oss o f  capabi 1 i t y  t o  
i s o l a t e  se~ondary contai n~nent when t h i s  capabi 1 i t y  was reqbi red. 
I n  the second case, the racking ouc o f  a breaker f o r  one pump 
disabled no t  only  the pump being removed from service bu t  also 
i t s  redundant counterpart. Both o f  these occiirrences resul ted 
f r o m  the use o f  a u x i l i a r y  contacts on the movable po r t i on  cf the 
c i r c u i t  breakers i n  the contro l  c i r c u i t s  o f  o ther  components. When 
the breaker i s  racked out, the contro l  c i r c u i t  employing these 
contacts i s  opened and may be renderc l inoperable." ' 

I n  both o f  these cases, switch S1 would topo log ica l l y  repre- 
sent the phys ica l l y  removed (open! contact se t  o r  i n t e r l o c k .  and 
L1 woul d represent the secondary containment vent closure solenoids 
on the standby pump. 

Double-Ground Node Topoqraph 

One sneak po;sibil i t y  o f  the pa t te rn  o f  t h i s  topograph 
(Fig. 4) becomes cbvious when construct ing the t ree.  I f  ne i the r  
ground i s  the t rue  re turn  f o r  the power supply, then there i s  a 
d i s t i n c t  p o s s i b i l i t y  t h a t  the grounds w i l l  be a t  d i f f e r e n t  absolute 
po tent ia ls .  Under such condit ions current  can f low through L2 and 
L3, assuming S2 and S3 are closed, even i f  S1 i s  open t o  remove 
power. A few o f  the more st ra ight forward concerns (clues) are: 

1. S1 open: L1, L2, and/or L3 desired; 
2. 52 open: L2 desired (and inverse o f  51, S2 closed; L2 no t  

desired) ; 
3. S3 open: L3 desired (and inverse) ; 
4 .  c i r c u i t  loading through L2 bypasses L3 ( o r  inverse);  
5. label  o f  S2 may f a i l  t o  r e f l e c t  the t rue  funct ion o r  control  

of L2 (same f o r  S3-L3); 
6. l abe l  of  S1 may r e f l e c t  the funct ion o f  only  p a r t  o f  the c i r -  

c u i t ,  say L2 and no t  L3, o r  v ice versa. 

Notr h a 1  s m t c k n  "f" rrpmnl n v  current 
Incaruolr wrd pmrl b d s  "L" w haw 
mpdmr fmm 0 lo d ~ r m  l~mtts r r  
W~rd to ~h. r e  of the mr(ves Euh 
nu* rrprfunl Ih. . g u n a h 1  of mrnv 
mdw~dval c o m ~ o m n ~ s  m rron m seen bv 
W "N" mlhin an* @won l o p o l o g ~ ~  Ira. 

, 

na. 4. hubre-rround node topolraph. 



There are more complicated clues f o r  t h i s  node topograph. 
For example, L2 could  be an i n d i c a t o r  requ i red  t o  m n i  t o r  o era-  
t i o n  o f  L3. Yet, i f  53 i s  open (L3 o f f ) ,  the i n d i c a t o r  (L2 ! 
can f a l s e l y  s t a t e  t h a t  L3 i s  on. Such a c lue would poss ib l y  be 
used t o  recognize t he  p o t e n t i a l  f o r  fa lse i n d i c a t i o n  and subse- 
quent l ack  o f  alarm which was p a r t  o f  the Oak Ridge Research 
Reactor emergency cool i n g  f a i  1 u re  p r ~ b l e r n . ~  Th is  p a r t i c u l a r  
problzm was caused by seven common mode f a i  1 ures o r  e r r o r s  i n  
three i d e n t i c a l  channels ; so the mere p r e i d e n t i  f i  ca t i on  o f  t h i s  
one p a r t  o f  the problem would probably no t  have l e d  t o  a warning 
against  a1 1 c o n t r i b u t i n g  fac tors  experienced simul taneously i n  
t h a t  i n c i den t .  P a r t i c u l a r l y ,  an analys t  could perhaps see the 
e f f e c t s  on the c i r c u i t  o f  the var ious corl~ponent f a i l i l r e s  bu t  he 
woul d n o t  suppose so many s imui taneous f a i  1 ures and e r r o r s  t o  be 
probable ( "wor th  r epo r t i ng " )  no r  de tec t  w i r i n g  e r r o r s  wherein the 
system i s  no t  connected as prescr ibed by the  i n s t a l l a t i o n  drawings. 

However, t h i s  a r t i c l e  does no t  purpor t  t o  enumerate a l l  
problem face ts  which the technique can o r  cannot address. That 
i s  a mat te r  o f  scope o f  the task t o  s tay  w i t h i n  " p r a c t i c a l "  
bounds. Furthermore, the purpose here i s  no t  t o  l i s t  a l l  the 
sneak c i r c u i t  c lues f o r  each node topograph; the c lues can best  
be learned through app l i ca t i on .  The i n t e n t  i s  t o  show t h a t  t he re  
i s  an o rde r l y  approach t o  sneah p o t e n t i a l  i d e n t i f i c a t i o n  i n  
topo log ica l  t rees through compl e te  assessnlent o f  the topographs 
represent ing each node. Representat ive clues are g iven t o  
i l l u s t r a t e  the o v e r a l l  techniques. 

Doubl e-Power Node . opograph -- - 
I n  the double-power node topograph (F igure 5). again, one 

sneak p o s s i b i l i t y  should be i~nmediate ly  ev iden t .  That i s ,  if 
the power suppl ies are a t  d i f f e r e n t  vol tages, cu r ren t  can f low 
from one t o  the o the r  and a f f e c t  L1 and L2 even w i t h  53 open. 
Such a power-to-power path i s  a lso  p o t e n t i a l l y  hazardous f o r  o the r  
reasons. For example, w i  t h  L1 and L2 near zero impedance, equip-  
mcnt damage can resu l  t f o r  even small vo l tage d i f f e r e n t i a l s ,  and 
the connection r?egates redundancy p rov i  sions i f  the power po in t s  
represent a pr imary bus and i t s  backup. Otherwise, the a p p l i -  
cable ciues are s i m i  l a r  t o  those f o r  the double-ground node 
topograph w i t h  s l  i g h t  r eo r i en ta t i on .  One exarnplt. i s  t h a t  opening 
S1 rnay be intended t o  d isab le  L3, bu t  S2 can s t i l l  enable the 
load. Such networks, a f t e r  t a g ~ i n g  ou t  the breakers ( S l ) ,  
e l ec t r ocu te  people worki i ig i n  the load area (L3) w i t hou t  tagging 
ou t  the breakers represented by S2. O f  course, the  en t i r e  
probleni appears so s i n p l e  as t o  be alniost absurd a t  the node 
topograph l e v e l ,  bu t  un fo r tuna te ly  i t  i s  a l l  too o f t e n  hidden i n  
volumes o f  drawing sheets i n  i ndus t r y .  



"H" Node Topoqraph 

The Hedstone h i  s t o r i  ca l  example has a1 ready i 11 u s t  r a ted  the 
unique " revers ing cur ren t "  c h a r a c t e r i s t i c  o f  the " H "  topograpn 
(F ig .  6 ) .  Dur ing sneak c i r c u i t  ana lys is  i n  a l l  types o f  i ndus t ry ,  
the reverse-current  c lue has cons i s t en t l y  i d e n t i f i e d  h i gh  p o t e n t i a l  
f o r  sneak paths and t im ing .  I n  f a c t ,  a l l  ca tegor ies  o f  sneaks are 
1 i k e l y  t o  occur w i t h i n  the "H" topograph. S i m i l a r  c lues as g iven 
f o r  the o the r  topcgraphs apply bu t  w i t h  a g rea t s r  number of 
i n t e r r e l a t i o n s h i p s  due t o  the compound r iature o f  the  "H." That 
i s ,  the "H" i s  eau iva len t  t o  bo th  doub le -g rou~d  and double-power 
topographs a t  nodes N and M. The "H" i s  required, however, when 
a ground-seeking branch o f  the topograph f o r  any node contains 
another node h t l i ~ h  i n  t u r n  can lead  t o  power v i a  a d i f f e r e n t  
route.  About 42% o f  a l !  c r i t i c a l  sneak c i r c u i t s  found by Boeing 
analyses i n  a1 1 i ndus t r i es  can be a t t r i b u t e d  t o  the "H" pa t te rn .  
Such a design con f i gu ra t i on  should be avoided whenever poss ib le .  

I t  i s  t h i s  pa t t e rn ,  ccupled w i t h  f a i l u r e s  o f  diodes i n  the 
cross-connection, which shows p o t e n t i a l  f o r  problems as descr ibed 
i n  ,Vu,*I~,zr Ft-r,ft-tr~ o f  November-December 1971 , F a i l u r e  o f  N Reactor 
Printary Scram System."n t h i s  case the rod  sa fe t y  system f a i l e d  
t o  respond t o  a scram s i gna l ,  and the backup b a l l  sa fe t y  system 
shut down the reac to r .  I n  fac t ,  t h i s  leads t o  a "by-product" o f  
sneak c i r c u i t  ana lys is  - p o t e n t i a l  e l e c t r i c a l  s i n g l e  f a i l u r e  modes 



and s u s c e p t i b i l i t y  t o  some types of conmon mode f a i l u r e s  are 
detectable i n  topological trees using the node topograph approach. 
Reports t o  i l l u s t r a t e  these types o f  condit ions found by sneak 
c i r c u i t  analysis a f t e r  completion o f  o ther  design checks, tests ,  
and evaluations are given i n  Refs. 7 t o  10. 

DATA REQUIREMENTS FOR TOPOLOGICAL ANALY S I S 

The node topograph approach discussed above i s  designed t o  
break down topological  trees, no matter how 1 a w e  o r  complex, 
so t h a t  an order ly  analysis can be undertaken. Appl icat ion o f  a l l  
clues associated w i t h  each topograph w i l l  ensure t h a t  no sneaks 
are overlooked, bu t  the elementary concepts presented above may 
be decept ively simple. Some readers may even be wondering what 
i s  new about the whole process. A f t e r  a l l ,  systems designers 
have always made " topological "  sketches f o r  t h e i r  own use, so 
topological t rees have always been around. However, the problem 
i n  l a rge  pro jec ts  i s  t ha t  the system designers do not  r e a l l y  
design a l l  the system, i n  p a r t i c u l a r ,  they are usual ly  not  respon- 
s i  b l e  f o r  wi re rout ings and deta i  l e d  manufacturing hookup speci - 
f icat ions.  The conf igurat ion tends t o  get o u t  of hand, and a l l  
too o f ten  what the system designer intended i s  nr;t exac t ly  what 
i s  bui 1 t. O f  course, extensive checks and balances should reveal 
any discrepancies, but s t i  11 sneaks have always s l ipped through 
i n  most major projec5s. Occasionally, the cause can be traced t o  
"designer perspective;" t h a t  i s ,  sneak c i  I-cuits can "hide" w i t h i n  
drawings, Par t  o f  what i s  new about the topological  technique i s  
the idea i t s e l f  t ha t  sneak c i r c u i t s  can be i d e n t i f i e d  through formal 
analysis using topolcgi  cal  t rees,  node topographs , and clue appl i - 
cations t o  overcome perspect ive 1 im i ta t i ons  . Many sneaks havt 
been found w i t h i n  o r i g i n a l  designs where the designers f a i l  t o  
an t ic ipa te  a1 1 possiblm operat ional modes o f  the c i  r c u i  t s  o r  t r y  
t o  p ro tec t  the system ~h rough  s t i pu la ted  operat ing procedures. 
Unfortunately,  such procedures have a knack f o  - ge t t i n?  l o s t  i n  
the paperwork o r  del i berate ly  ignored. Obviously, the problem i s  
g rea t l y  compounded i n  mu1 t i contractor  environments w i th  the h igh  
change rates and personnel turnover tha t  are typ ica l  o f  many large 
pro jec ts  . 

Moreover, by the time supportive engineering analyses are 
conducted, the system designer's " topological t rees" are no t  
avai lable. I n  addit ion, as previously stated, they show design 
i n t e n t  ra ther  than "as-bu i l t "  in format ion.  System funct ional  
schematics may o r  may not  be provided, bu t  they a lso are r a r e l y  
current  o r  coinplete and usaal ly  contain many er rors  o r  discrepancies 
from the manufacturing data. I n  f ac t ,  f o r  NASA's Apol lo and Skylab 
sneak c i  r c u i  t analyses, dependence upon func t i  onal o r  i ntegrated 
schematics was ru led  out  as being too prone t o  e r ro r .  System 
schematics are " f o r  reference only." Sneak analysis from p re l  i m i  - 
nary system schematics can be bene f i c i a l  i n  avoiding production of 
hardware w i th  bui  1 t - i n  hazards, bu t  eventual l y  the constract ion 
drawings should be used t o  make a f i n a l  check o f  the design 
implementation. 



The detai 1 schematics used f o r  manufacturing instruct ions and 
i n s t a l l a t f  on are generally dependable, but  they are no t  i n  a form 
tha t  f a c i l  l t a t es  analysis o f  c i r cu i t s  . These drawfngs are accurate 
because they specify exactly what i s  b u i l t ,  contingent upon 
qua1 i t y  control checks, tests, and Inspections. Regrettably, 
they ra re ly  show conplete c i r cu i t s .  They are l a f d  out  b 
f a c i l f  ta te  hookups by technf cians without regard t o  c i r c u i t  o r  
segment function. As a resul t ,  analysis d i r ec t l y  from the de ta i l  
schematf cs i s  nearly inpossible. There are so many deta i ls  and 
unapparent cont inui t ies tha t  an analyst becomes quickly en tangled 
and l o s t  i n  the maze. Yet, these are the data tha t  must be used 
if analyt ical  resul ts are t o  be based upon t rue e l e c m a l  
continuity. Thus, i t  can be seen tha t  ther i s  more t o  the task 
than j u s t  knowledge o f  c l w s  and node topographs i n  topological 
trees. That "something else" that  makes i t  a l l  work i n  a large, 
complex pro jec t  i s  automation. 

AUTOMATED SNEAK CIRCUIT ATdALY S I  S 

Automation has been used i n  sneak c i rcu l  t analysis since 1970 
as the basic method o f  t ree production from manufacturing de ta i l  
data." Computer programs have been developed t o  allow encoding 
o f  simple cont inui t ies i n  discrete "from-to" segments f r o m  the 
detai 1 schematics and wire l i s t s .  The encoding can be accom- 
p l  ished without knowledge o f  c i r c u i t  function. The computer 
connects associated points i n t o  paths and col lects the paths i n t o  
node sets. The node sets represent interconnected nodes which 
make up each c i r cu i t ,  and reports are generated by the colrputer 
t o  enable the analyst t o  eas i ly  sketch accurate topological trees. 
The reports o f f e r  select ive levels o f  deta i l  through which simple 
overviews can be provided and imrnediately supplemented wi th 
whatever amount o f  addit ional data i s  desired. The computer 
reports also provide complete indexing o f  every component and 
data po in t  t o  i t s  associated topological tree. Such features 
are especial ly useful i n  cross-indexing funct ional ly  w l a t e d  o r  
interdependent trees, incorporating changes, and troubleshooting 
during operational support. The cross reference indexes a1 so 
provide one means of addressing common mode fa i lu res while analy- 
zing network trees. Final l y  , a s igni f icant  by-product o f  auto- 
mation from deta i l  data i s  that  schematic errors are disclosed 
between detai 1 specif icat ions and i n  functional o r  integrated 
drawings when compared wi th the computer output. Such errors i n  
documentatioc obviously can affect other analyses. 

RESULTS ON NASA PROJED 

Appli cation o f  the computer-aided sneak c i  rcu i  t analysis 
technique has produced some impressive resul ts.  The f indings on 
many projects are somewhat surpr is ing when one considers that  the 
analysis i s  general ly  perf~rmed af ter  design, development, test,  
and engineering. Fortunately, the analysis o f  some projects 
was begun e a r l i e r  i n  the design and manufacturing phases, so that  
while apparently more pr9blems are found, they can be more readi ly  



corrected. Likewise, some problems i den t i f i ed  during ear ly 
analysis would have been found during tests, but  surprises i n  
tes t ing should be minimized. Table I quant i t ixes the resul ts o f  
Boelng sneak c i r c u i t  analysis tasks on NASA projects as of 
August 31 , 1974. 

Sorneof the program, notably Apollo and the Saturn !C 
1 aunch vehicle , represented mature systems which had a1 ready 
passed t rad i  t iona l  design checks and eval uations before sneak 
c i r c u i t  analysis was undertakes, S t i l  1 , s ign i f i can t  resul ts were 
obtained. The "after-the-fact" resul ts rea f f i rm that  sneak c i  r- 
c u i t  analysis i s  not the type o f  a c t i v i t y  conducted i n  the normal 
design, fabricat ion, development, and tes t ing cycle by the de- 
signer, draftsman, checker, o r  t es t  conductor. Experience 
indicates that  only random sneak c i r cu i t s  are surfaced unless 
a more concentrated e f f o r t  i s  applied. 

Furthermore, the number of sneak c i r cu i t s  and drawing errors 
found af ter  other checks points up the value o f  sneak c i r c u i t  
analysis done froin an independent view. F ina l ly ,  the number of 
problems detected i n  those programs invol  v i  ng mu1 t i p l e  contractors, 
high change rates, o r  conplex systems indicates that such pro- 
grams can benef i t  m s t  f r o m  sneak c i r c u i t  analysis, especial ly if 
started i n  the preliminary design phases so t o  allow ear ly (paper) 
solutions to  the problems. 

TABLE I. WEAK CIRCUIT ANALYSIS APPLlCATlMlS AND RESILTS OW 
NASA PRWCCTS 

Results 

~ m j e c t  crntar o r   ate 
Agency @l+cd O r r l n g  Sneak 

Lrmrs Condt t l ons 

Apollo "' JSC l%8-72 200 159 
Spacecraf t 

Lunar Rover (LRV) JSC 1970-72 N/A 5 

#pol lo  war JSC 1970-72 M/A 3 
Surface f iw r l -  

WSC 20-ft VICUWI JSC 1972 M I A  1 
C h e r  Fact li ty 

~ ~ ~ o - S O ~ U Z  Test JSC 1973-15 49 16 
Proprrm iASTP) 

Saturn I C  (be ing  NSFC 1971-73 30 24 
Wichoud) 12 

Space Shuttle JSC/RI 1974-79 1Si 52 

Vlklng Lbndr  LRC 1974 23 14 

M I A  = Mot Applicable 



APPLICATION TO I KSTRUMENTATION AND CONTROL SYSTEM 

Sneak c i r c u i t  analysis have been performed on a number 
o f  Instrumentation and Control Systems. The resu l ts  o f  these 
analyses have been inpressive and indicate that t h i s  NASA/ 
Boeing developed technology not  only applies but tha t  many o f  
the benefi ts of the analysis also can be realized. 

Many o f  the condi t lons surrounding these projects were 
fdentical t o  those which existed on NASA projects i n  tha t  the 
analysis was performed a f t e r  design, &velopment, and test,  The 
analysis of the Savannah River and N Reactor was conducted a f t e r  
these systems had been operating f o r  an extended time. 

Both analyses employed the same computer a i  ded topologi cal 
techniques used on NASA projects. The resul ts obtained (see 
Table 11) indicated that  l a t en t  conditions d id  ex i s t  and that  
tes t ing and other analyses had fa i led  t o  i den t i f y  a l l  these 
conditions. I n  addition, the resul t s  indicate that  sneak c i r c u i t  
analysis was not a pa r t  o f  the a c t i v i t y  conducted i n  the design 
and construction o f  these systems. 

The analysis conducted o f  the FFTF control rod mechanism was 
performed on prel iminary designs. The value o f  these resul ts 
are s ign i f i can t  since the conditions they i den t i f i ed  were cor- 
rected by revis ing drawings. On another Instrunentation and 
Control project  Sneak C i rcu i t  Analysis became a ser ia l  pa r t  o f  
the design process; thus the conditions i den t i f i ed  were corrected 
p r i o r  t o  the hardware construction. 

As on NASA projects, an independent view o f  the design through 
the appl i ca t ion  o f  sneak c i r c u i t  analysis proved benef ic ia l  even 
af ter  other checks had been made, especial ly on the comple- 
instrumentation and controls sys tens employed on nuclear reactors. 

T A M E  11. APPLICAIIW O f  WAK CIRCUIT M U I S I S  10 INSTRMN- 
TATION MD COllTilOL SYSTEMS 

Cus tor r  L*rc Rtsul ts 

Project +Ory ~ p p l i t d  Orntnp SW& 

E r m n  Condl ti on5 

Srvrnnh R i n r  

I L c l r r r  P l m t )  
portions o f  

n r c t o r  coolmt 
mml torlnp 
syst..) 

F a t  Flux Test 
f r c l l i t y  
(control rod 
dr lvrr  n c h n f s n  
 on,^) 

N b r c t o r  " 
(rrgmcy Cool- 
I n  , Rod Contml 
1 !rfcty 1 Bal l  
Control b Sbfety 
Sptcnr)  

Us t ing -  1913 
house. 
HMford Co. 

#/A 9 Not Appllcrblr 



The automated sneak c f r cu f t  analysfs has demonstrated t ha t  
f t  w i l l  dfsclose la ten t  paths, con f l l c t lng  control problems, 
aabfguous system readouts, and the ef fec ts  o f  fa lse swf tch labels 
on system operators. I t  fur ther mveals errors fn docunantatlon, 
such as wfre connection errors f n  production schematics and lack 
of adequate caution notes i n  operating procedures. I n  addftfon 
to these outputs, the analysis uncovers potent ia l  single fa f  lu re  
pofnts, along wi th some types of c o m n  mode fa i lures;  hfgh- 
l i gh t s  possible s fgn i f icant  desiqn improvements; an4 produces a 
computerized data base wi th e lec t r i ca l  topological tree df agrams which 
are useful f o r  traubleshootf ng , maintenance , and f i e1  d mod1 f i  cation work. 

Sneak c i r c u i t  anal jsfs has been shown to  be a formalized 
approach based upon topologi cat techniques. The trees employed 
am produced from manufacturing de ta i l  data processed by a conputer 
t o  orderly completion. Ff nal l y  , the analysis techniques a ~ p l  i e d  
on a variety o f  NASA programs have been shown to  be par t i cu la r l y  
appl i cable t o  indus t r f  a1 ins t r t *wntat ion and control systems. 
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AUTOMATE0 ANALYSIS OF VIDEO DATA 

Donald J. Hafner 

The E lec t ro -op t i ca l  Viewing System (EVS) program invo lved i n t e -  
g r a t i n g  low 1 i g h t  t e l e v i s i o n  and scanning i n f r a r e d  sub-systems i n t o  
t he  8-52 a i r c r a f t ,  a long w i t h  p rov id ing  the requ i red  l o g i s t i c  support. 
A major segment o f  the l o g i s t i c s  e f f o r t  e n t a i l s  the  development of t e s t  
equipment, which over the past  several years, has become i nc reas ing l y  
automated i n  naturc. H i s t o r i c a l l y ,  t e s t i n g  o f  v ideo imagery generat ion 
and processing equi pments has u t i  1 i zed manual observat ion and evaluat ion 
o f  monitor displays, and i n  many instances i s  t ime consuming and 
qua1 i t a t i  ve i n  nature. Semi -automated approaches, which prov ide t e s t  
pa t t e rn  setup and swi tch ing , and presentat ion o f  eval  ua t ion  c r i t e r i a  , 
s t i l l  requ i re  v isua l  inspec t ion  and ana lys is  o f  d isp lays  ( t e l e v i s i o n  
monitors) w i t h  at tendant r e s o l u t i o n  and consistency problems. To obv ia te 
these problems, a softwarelhardware system has been designed and developed 
t o  perform automated video imagery analys is .  

Key elements comprising t he  analys is  system are: sampl i n g  o s c i l  l o -  
scope, programable t r i g g e r  u n i t ,  ,:entral computer and software processing 
l i b r a r y .  The f unc t i on  o f  the scope and t r i g g e r  u n i t ,  i n  conjunct ion w i t h  
the con t ro l  computer, i s  t o  d i g i t i z e  the  se lected p o r t i o n  of the video 
image and s to re  as amplitude and t ime data i n  computer memory. Evaluat ion 
o f  the  video data, analogus t o  i n t e r p r e t a t i o n  o f  a v i sua l  image, i s  
accomplished by the  processing software. Ima es a re  resolved t o  w i t h i n  1 
T V  l i n e  v e r t i c a l l y  and 11460 TV l i n e  (75 nssc 3 ho r i zon ta l l y .  To date, the  
described syqtem has been used t o  t e s t  and f a u l t  i s o l a t e  a syn the t i c  video 
generat ion device used i n  the  EVS system. 

BACKGROUND 

Troubleshooting o f  mal funct ion ing L ine  Replcceable Un i ts  (LRU's) 
o r  "black boxes" hds been performed i n  the past by removing the  sus- 
spected offender from the a i r c r a f t ,  connecting i t  t o  a "hot  bench" and 
conducting manual t e s t i n g  t o  i d e n t i f y  the f a i l e d  nodule. However, more 
recen t l y ,  the t rend  i n  t e s t i n g  philosophy has been toward increased use 
of automatic t e s t  systems f o r  ground checkout o f  a i rborne  equipment. 
With the A i r  Force procurem2nt o f  the  B-52 EVS, Boeing Wichi ta was con- 
t r a c t e d  t o  provide t h i s  typa of checkout c a p a b i l i t y  by developing 
computer con t ro l led ,  automatic t e s t  equipment t o  support t h i s  new s 
The EVS system, shown schematical ly i n  Figure 1, cons is ts  of a low vtem. i g h t  
l e v e l  t e l e v i s i o n  sensor, a forward look ing  i n f r a r e d  sensor, a Symbol 
Signal Generator (SSG) , crew monitors and i n t e r f a c i n g  equipment designed 
t o  i n teg ra te  EVS i n t o  the B-52 weapon system. 



The purposc o f  EVS i s  t o  provide the crew w i t h  " rea l  world" images 
of t e r r a i n  and targets forward nf  the a i rp lane t o  complement the 
navigat ion and t e r r a i n  avoidance radar displays. The four  TV monitors 
provide cockpi t  displays f o r  the p i l o t ,  cop i l o t ,  navigator and radar 
navigator viewing. 

Develo:~ment o f  automated equipment t o  checkout many o f  the EVS 
u n i t s  involved, t o  a high degree, der ign o f  an in tegrated hardwarelsoft- 
ware system t o  checkout what are ~ r i n l ~ r i l y  video un i ts .  While automatic 
checkout o f  video devices i s  no t  new, development o f  a generalized 
method o f  automat ica l ly  cbecking over 100 Tixed and movabf e geometric 
and character images generated by the SSG u n i t  using a minimum of 
special ized t e s t  equipment proved t o  be a challenge. While a small de- 
gree o f  operator i n te rac t i on  w i t h  the t e s t  se t  i s  s t i l l  required, ground 
ru les  d ic ta ted  t h a t  i t  be minimized. To i l l u s t r a t e  the po tent ia l  fo r  
automated video image analysis , t h i s  paper d i  scr~sses the method01 ogy 
developed t o  check the complex video waveforms output from the SSd, the 
u n i t  prov id ing syrrbol and character overlays f o r  the 8-52 c:-aw monitors. 

EVS F311018 LRU TEST - SET 

The F311018 t e s t  set, developed by Boeing t o  prov i  12 EVS system 
checkout, i s  shown i n  Figure 2. I t consists o f  a f ive-,bay console com- 
p r i s i n g  power supplies, s t imu l i ,  switching and nwsurement instruments 
under contro l  o f  the i n teg ra l  mini-computer located i n  the r lght-most bay. 
The t e s t  program t o  check out one o f  the 14 EVS LRU's i s  loaded i n t o  
memory by the paper tape reader i n  the same bay. Operator i n te r face  i s  
provided by the KSR-37 te le type i n  the font? o f  t e s t  resu l ts ,  comnands t o  
the operator and requests f o r  input  information. A l l  LRU's tested connect 
t o  the t e s t  se t  d t  a camon in te r face  located i n  the second bay from the 
l e f t .  Test adapters, one per LRU, mate the LRll's t o  the in ter face.  

SYMBOL SIGNAL GENERATOR 

The EVS recefves analog and d iscre te  s ignals from in te r fac ing  8-52 
systems from which i t  generates d isb lay vide53 consis t ing o f  geometric and 
numerical symbols. This symbol videc i s  therl mixed w i t h  TV o r  I R  video 
by the vjdeo d i s t r i b u t i o n  u n i t  (see Figure 1)  and routed t o  4 crew meln- 
ber monitors t o  provide one o f  several possible d isp lays as t y p i f i e d  by 
Figure 3. 

The SSG i s  synchronized t o  the EVS Tb' system by Ver t i ca l  Drive, 
Horizontal Drive, and 13.44 MHz clock pulses generaeed by the video d i s -  
t r i b u t i o n  u n i t  t o  provide a r r ~ ~ i i t o r  p r ~ s e n t a t i o n  cor,!oatible w i t h  a 2:1 
in te r laced 875 l i n e  r a s t e r  scan format. I.ocat!ons o f  a l l  symbols are 
speci f ied i n  a Ver t i ca l  (V)/Harizont.al (h j  caordinbte system w i t h  2 
ras ter  l i n e s  (1 per f i e l d )  comprising a v e r t i c a l  r cso lu t i on  element. 
Horizontal element s ize  i s  establ ished as the rec iprocal  o f  the 13.44 
MHz clock (or  approximately 74 nancseconds). The image as viewed on the 
monitor i s  thus composed o f  420 v e r t i c a l  b,y 460 h n r i z ~ n t  * I  s r  approximately 
190,000 d iscre te  p ic t t r re elements. 



8 r: 
The EVS t e s t  set  i s  required t o  automatical ly check approximately i' - - 

90 f ixed and 20 movable characters generated by t h i s  LRU. :j, 

3 
J 

GENERAL TEST FORMAT 

Major t e s t  se t  elements involved i n  checking symbol video are 
shown i n  Figure 4. The SSG i s  powered up and furnished t iming and 
selected simulated 8-52 systems input  based on the spec i f i c  t e s t  being 

,: 

performed. The appropriate SSG video output terminal i s  then connected 
t o  the ve r t i ca l  input  o f  the Tektronix 568 sampling osci l loscope and 
the programable t r i g g e r  generator i s  connected t o  the hor izonta l  channel 
0 provi  dc . ,jeep t r igger ing.  The t r i g g e r  generator and sampl i ng scope 

are then programed, the waveform i s  sampled and r e s u l t i n g  voltage 
l cve ls  stored i n  the computer. When s u f f i c i e n t  samples have been obtained, 
the stored data i s  analyzed and t e s t  p a s s i f a i l  r esu l t s  determined. 

APPLICABLE TEST SET ELEMENTS 

Computer - 
Test set  operation i s  under contro l  o f  a Hewlett Packard 2100 mini  

computer (2nd u n i t  from top, r i g h t  hand bay, Fig. 2), conf i  gured w i th  
32K words o f  core memory. 

Sampl i ng Scope 

While s i m i l a r  i n  general appearance and waveform display funct ion 
t o  a conventional oscilloscope, the sampling scope (second u n i t  from 
top of the center bay, Fig. 2) d i f f e r s  s i g n i f i c a n t l y  i n  that :  

1 ) i t s  funct ions can be programed under computer contro l  , and 
2) the displayed waveform can be sampled and d i g i t i z e d  t o  

form a se t  o f  up t o  1000 10-bit  words, each representing 
a voltage leve l  along the monitored waveform, sampled a t  
equal 1 y spaced in te rva l  s . 

Setup i s  performed under computer contro l ,  supervised by the SSG t e s t  
program, which must compute and specify the 10 scope setup parameters 
( inc luding v e r t i c a l  scaling, sweep speed, time delay, etc. ) f o r  each 
symbol pa r t  checked. Once set  up, the sampl ing  scope assumes contro l  , 
t ransfer r ing  the waveform samples t o  computer memory as they are obtained. 
The waveform thus stored has a resolut ion o f  1 pa r t  i n  a 1000 and an 
accuracy o f  3% along both the voltage and time axes. 

Sync Generator 

This u n i t  supplies t iming signals as required t o  support various 
LRU tests. For the SSG tes ts  considered here i t  i s  programmed and connected 
t o  supply v e r t i c a l  drive, hor izonta l  d r i v e  and 13.44 MHz clock pulses 
t o  the SSG. 



Programnable Trigger 

The programable t r i g g e r  i s  phase locked t o  the sync generator 
and can be programed t o  provide a t r i g g e r  t o  the sampling scope a t  
any one o f  16 equal ly spaced posi t ions along any TV ras te r  l i n e  o r  
group o f  ras te r  1 ines i n  e i t h e r  o r  both TV f i e lds .  Given the V/H 
coordinates o f  an SSG symbol, the t e s t  program can ca lcu la te  the  pro- 
g r a m b l e  t r i g g e r  setup and appropriate scope delay t o  sample any 
e l  emen t o f  the  symbol . 
TEST PROGRAM 

Deta i ls  o f  the video sampling and analysis technique used i n  the 
t e s t  prograK are i l l u s t r a t e d  by a spec i f i c  example i n  Figure 5. To 
check the i n t e g r i t y  o f  the d i g i t  5 on the radar a l t i t u d e  scale, t e s t  
number 3221 c a l l s  subroutine SYMB as shown i n  the f igure.  Each element 
o f  the character 5 ; s then sampled co l  urm wise and stored i n  a 5 x 9 
array f o r  subsequent analysis. 

Figure 6 i s  a f low diagram f o r  the same example. Once the speci f ied 
character and i t s  pos i t i on  coordinates have been establ ished, switches 
are closed t o  connect the SSG and programable t r i g g e r  t o  the waveform 
analyzer and processing begins. Timing t o  read i n  the f i r s t  column 
of the character (5 i n  t h i s  case) i s  co~nputed from the V and H coordinate 
data. The programnabl e t r i g g e r  setup and waveform analyzer setup 
i n c l  uding appropriate sweep delay i s  accompl i shed using the computed 
t iming information. A column o f  data (9 points i n  t h i s  case) i s  then 
read and stored i n  memory. The process i s  repeated f o r  the required 
number of columns (5 i n  t h i s  case). The array o f  stored voltages i s  
then examined f o r  highs i n  the proper elements and the t e s t  passes i f  
t h i s  condi t ion i s  met. Symbols which car! vary a few reso lu t ion  elements 
from the nominal locat ion  are overscanned t o  a l low f o r  these toler.ances. 
A symbol co r re la t i on  rout ine  i s  used t o  establ i s h  the presence o r  
aLsence o f  the required symbol. I f  t h i s  ac t ion  f a i l s  t o  produce the 
symbol image, the t e s t  i s  f a i l e d  and contro l  i s  returned t o  the  t e s t  
prograri. 

The SSS t e s t  program contains approximately 345 automatic video 
tests s im i la r  t o  the above i n  addi t ion t o  power supply checks, several 
manual observations and 40 possible adjustments. Faults are iso la ted t o  
the card leve l .  Test time f o r  the automatic video checks i s  approximately 
30 minutes. This t e s t  system i s  presently provid ing f i e l d  l eve l  support 
for the 8-52 Electro-Optical Viewing System a t  approximately 15 SAC bases 
scattered across the U.S. 

This technique o f  video image analysis, wh i le  i l l u s t r a t e d  by a 
spec i f i c  example herein i s  general i n  nature and i s  judged appl icable t o  
a wide va r ie t y  of appl icat ions invo lv ing  automatic video data and 
image anclysis. 
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APPLICATION OF NARROW-BAND TELEVISION 
TO INDUSTRIAL AND COMMERCIAL COMMUNICATIONS 

Bernard C. Embrey, Jr. 
Glen R. Southworth 

The standard c losed-c i rcu i  t o r  comnercial t e l e v i s i o n  systems 
t ransmi t  30 complete images each second r e s u l t i n g  i n  ach iev ing the 
i l l u s i o n  o f  mot ion i n  the viewers eye. To do t h i s ,  these systems 
requ i re  a t  l e a s t  4 MHz o f  in fo rmat ion  bandwidth t o  t ransmi t  a  t e l e -  
v i s i o n  p i c t u r e  o f  the q u a l i t y  which t he  p u b l i c  i s  accustomed t o  
viewing. This i s  a  very l a rge  amount o f  spectrum when compared, f o r  
example, w i t h  t h a t  requ i red  t o  transmi t "broadcast qual i t y "  voice 
information--between about 5 KHz and 9 KHz. Further, there are con- 
s ide rab ly  h igher  costs  invo lved i n  t r ansm i t t i ng  and rece i v i ng  a 4 
MHz t e l e v i s i o n  s ignal - -both i n  the power requ i red  ?cd t he  complexi ty 
of the  equipment needed a t  bo th  ends. 

For many app l i ca t ions ,  espec ia l l y  when the  sub jec t  i s  s t a t i o n -  
ary, s l  ow-scan t e l e v i s i o n  can be used. Sl ow-scan t e l e v i s i o n  i s  
e s s e n t i a l l y  a  video system t h a t  requi res t y p i c a l l y  one second o r  
more f o r  t ransmission o f  a  s i n g l e  frame o f  in fo rmat ion  ( a c t u a l l y  any 
r a t e  less  than the standard would qual i f y ) .  This can be compared t o  
using a s l i d e  p r o j e c t o r  versus a movie p ro j ec to r .  Moreover, the 
slow-scan t e l e v i s i o n  technique requ i res  on l y  a  f r a c t i o n  o f  the  
in fo rmat ion  bandwidth o f  the standard video system thus fac i  1  i t a t i n g  
i t s  use w i t h  much l ess  soph is t i ca ted  equipment and power. 

It became very ev ident  t o  NASA engineers e a r l y  i n  the  space 
program t h a t  the  t ransmission o f  v i sua l  i n fo rmat ion  from space would 
be extremely use fu l  b3th as a  data gather ing t o o l  and as an informa- 
t i o n  disseminat ion means t o  the pub1 i c .  However, ex tens ive work 
would have t o  be undertaken t o  devise a  means t o  severe ly  reduce the 
size,  weight and power o f  the  system t o  be used onboard the  space- 
c r a f t .  By u t i l i z i n g  a  s l  ow-scan t e l e v i s i o n  technique coupled w i t h  
var ious o ther  parameters dependent upon the p a r t i c u l a r  m iss ion 's  
requirements, i t  appeared t h a t  t e l e v i s i o n  from space would be feas i -  
b le.  The reduced complexi ty o f  the equipment would con t r i bu te  t o  a  
smal ler  and l i g h t e r  ove ra l l  system, wh i le  the power requirements of 
the t r ansm i t t e r  would be sharp ly  reduced v i a  the narrow-band 
approach. However, there was obv ious ly  much development necessary 
before a  working system would be at ta ined.  
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Various s tud ies  were undertaken and proto type systems developed. 
Among the  var iab les  t h a t  were necessary t o  be evaluated were: 
( a )  the scene content  i n c l u d i n g  the 1 i g h t i n g  condi t ions,  con t ras t ,  
amount o f  mot ion w i t h i n  the scene, monochrome o r  co l o r ,  e tc . ;  
( b )  the r e s o l u t i o n  r e  u i red ;  ( c )  the a l lowable bandwidth o f  the 
t ransmission system; 7 d )  the  modulation technique t o  be employed; 
( e )  the  scanning technique requ i red  as a r e s u l t  o f  a combination of 
the above requirements; and ( f )  the  requirement t o  t r ansm i t  v i sua l  
in format ion from deep space w i  t h  minimal no ise  degradation. 

Both analog and d i g i t a l  systems were developed and evaluated. 
One o f  the most promising analog systems evolved from an e a r l y  study 
performed by the  Hughes Aerospace Group (References 1 and 2) .  Th is  
study p r i m a r i l y  concerned i t s e l f  w i t h  eva lua t ing  var ious methods of 
conver t ing an o p t i c a l  d i sp l ay  i n t o  a minimum bandwidth video s igna l  
t h a t  could bes t  be used f o r  t ransmission from deep space; i .e., 
t h a t  would be the  l e a s t  suscept ib le  t o  v ideo noise. Three process- 
i n g  methods were compared: mu1 t i p l e  i n t e r 1  ace, edge de tec t ion  and 
frame co r re l a t i on .  The conclusion was b a s i c a l l y  t h a t  the  m u l t i p l e  
i n t e r l a c e  system o f f e red  decided advantages over t he  o ther  systems. 

Thi s sys tern reduces the  requi  red v ideo transmission bandwidth 
( t o  approximately 100 KHz) by employing the reduced r e s o l u t i o n  
c h a r a c t e r i s t i c  o f  t he  human eye when viewing ob jec ts  t h a t  a re  moving 
w i t h i n  the f ie ld -o f -v iew.  The bandwidth requ i red  by a standard h i gh  
reso lu t ion -h igh  frame r a t e  v ideo system i s  decreased by e i t h e r  
reduc ing t he  r e s o l u t i o n  o f  the  p i c t u r e  t ransmi t ted  f o r  ob,jects mov- 
i n g  r e l a t i v e  t o  the f i e l d -o f - v i ew  (no t  reduc ing the  frame ra te ) ,  o r  
reduc ing the frame r a t e  bu t  keeping the r e s o l u t i o n  h i gh  f o r  s t a t i c  
scenes. The l a t t e r  case i s  achieved by superimposing a number o f  
low reso lu t i on ,  h igh  frame r a t e  p i c t u res .  Ins tead o f  a va r i ab l e  
i n t e n s i t y  l i n e  f o r  the  reproduced p i c t u re ,  the  elements are va r i ab l e  
i n t e n s i t y  dots.  These low r e s o l u t i o n  frames were pseudo-randomly 
se lected f o r  encoding a t  the  t r ansm i t t i ng  end. The meshing o f  these 
frames a t  the r e c e i v i n g  end becomes the  mu1 t i p l e  i n t e r l a c e d  f i e l d s  
which compose the h igh  r e s o l u t i o n  p i c t u re .  The major advantages o f  
t h i s  system are t h a t  e i t h e r  s i t u a t i o n  may be employed as the scene 
content  var ies  and t h a t  t h i s  se l ec t i on  may be made a t  the  r ece i v i ng  
end o f  the system. The pr imary disadvantage i s  t h a t  a1 though the 
equipment required. a t  the  t r ansm i t t i ng  end i s  no t  very complex, the  
r ece i v i ng  equipment inc ludes a decoder, a storage device, and a scan 
canverter a1 1 o f  which a re  spec ia l  purpose, re1  a t i v e l y  complex un i t s .  
The sampling technique employed i n  t h i s  system has been more o r  less  
used i n  many o the r  systems p resen t l y  being so ld  commercially, some 
of  which w i l l  be discussed l a t e r .  

The unmanned deep-space exp lo ra t i on  program has empl oyed t e l e -  
v i s i o n  q u i t e  ex tens i ve l y  throughout i t s  h i s t o r y  on the  Lunar 
Orb i te rs ,  the Surveyors, t he  Mariners,  e tc .  As these systems must 
operate w i t h  minimal power, the t e l e v i s i o n  p i c t u res  must be t rans -  
m i  t t e d  v i a  a very narrow transmission bandwidth. Typ i ca l l y ,  these 
systems take s i n g l e  frames o f  t e l e v i s i o n  data and code the i n d i v i d -  
ua l  elements i n t o  a sequence o f  b i na r y  d i g i t s  t h a t  represent  the  
l e v e l  o f  l i g h t  i n t e n s i t y .  These data are s to red  on onboard tape 
recorders and played back f o r  t ransmission t o  the ground a t  a l a t e r  



t ime a t  very slow data ra tes.  For instance, edch t e l e v i s i o n  p i c t u r e  
recorded dur ing the Mar iner  I V  miss ion t o  Mars i n  1964 (Reference 3)  
contained 40,000 p i c t u r e  elements each encoded i n t o  a  6 - b i t  word-- 
240,000 b i t s  o f  data. The transmission o f  one o f  these p i c t u res  
took about 10-1/2 hours-- less than 7 b i t s  per  second. 

One o f  the major e f f o r t s  a t  JPL ( J e t  Propuls ion Laboratory) t o  
develop the systems f o r  very deep space video t ransmiss ion was per-  
formed by B a l l  Brothers  Research Corporat ion dur ing  a  se r ies  o f  
research and development cont racts  t h a t  culmi nated i n  a  video-modu- 
l a t i o n  t e s t  system (Reference 4) .  This system was designed t o  gen- 
e ra te  a h i gh -qua l i t y  v ideo s igna l  w i t h  the r e s o l u t i o n  c o n t r o l l a b l e  
from approximately 100 x 100 p i c t u r e  e1ement.s t o  pore than 1000 x 
1000 elements. The ou tpu t  s igna l  was there fo re  va r i ab l e  from a 
bandwidth as narrow as 100 cycles t o  as wide as 8 KHz--all w i t h i n  
the audio spectrum. 

These e f f o r t s  t o  design and b u i l d  narrow-band video systems f o r  
use i n  space systems have no t  on ly  s t imu la ted  t he  o rgan iza t ion  d i r -  
e c t l y  invo lved  i n  developing improvements and advancements i n  the 
s ta te -o f - the -a r t ,  bu t  a l so  many other  groups who i n  order t o  s tay 
abreast o f  the  f i e l d  have performed in-house e f f o r t s  i n  the  same 
area. Also, s p e c i f i c  po r t ions  o f  the over,:ll system are  advanced 
and improved w i t h i n  t h e i r  i n d i v i d u a l  segments o f  the  indus t ry .  Such 
items as super ior  t e l e v i s i o n  image tubes, modulat ion techniques and 
devices, data encoders and decoders, e tc . ,  have seen tremendous 
advancements both as a  d i r e c t  and i n d i r e c t  r e s u l t  o f  the  space sys- 
tems evolvement. Re1 i a b i  li t y  and qua1 i t y  con t ro l - - o f  major impor- 
tance i n  a  system designed t o  operate m i l  1  ions o f  m i l es  from ear th - -  
procedures have been g r e a t l y  improved. A l l  o f  these bene f i t s  are 
t r ans fe r red  i n t o  o ther  f i e l d s  such as medicine, compdter processing 
f o r  indus t ry ,  secu r i t y ,  t ranspor ta t ion ,  e t c .  

Due t o  i t s  major impact on a l l  segments o f  i ndus t r y  and the 
demand f o r  major, r a p i d  advancements, the Apo l lo  program has been 
considered by many observers t o  have been the great-est s i ng l e  
st imulus t o  a  very broad spectrum o f  the technolog ica l  community. 
The p i c t u res  o f  as t ronaut  N e i l  Armstrong's f i r s t  steps onto the  sur -  
face o f  the moon were provided by a slow-scan t e l e v i s i o n  camera t h a t  
was capable o f  two se lec tab le  scan -ates--a reduced r e s o l u t i o n  10- 
frame-per-second pr imary r a t e  and a h i gh  r e s o l u t i o n  0.625-frame-per- 
second r a t e  f o r  use i n  t ak i ng  very d e t a i l e d  s c i e n t i f i c  p i c t u res  t h a t  
had no motion i n  the scene. The necess i ty  f o r  a  sluw-scan camera 
was due t o  an ~ v a i l a b l e  transmi t bandwidth o f  on ly  500 KHz. La te r  
spacecraf t  were ab le  t o  take advantage o f  increased ground s t a t i o n  
capabi l  i t y  and a h igher  t ransmission bandwidth--ear ly miss ion t e s t -  
i ng showed i t  t o  be c l ose r  t o  1.5 MHz--to employ a  standard frame 
r a t e  f i e l d - sequen t i a l  c o l o r  camera. However, i t  should be noted 
t h a t  t h i s  s t i l l  r esu l t ed  i n  a  narrow-band system since each c o l o r  
was updated on l y  70 times a second and the a v a i l a b l e  bandwidth s t i l l  
1  i m i  ted the a t t a i n a b l e  reso lu t ion .  

NASA's con t inu ing  e f f o r t s  i n  the compressed video area o f  
development w i  11 be appl i cable t o  f u t u r e  spacecraf t  requirements. 



One f u t u r e  spacecraf t  appl i ca t i on  o f  narrow-band t e l e v i s i o n  i n  the 
Shu t t l e  era i s  the  p o s s i b i l i t y  o f  i n c l u d i n g  an up1 i n k  t e x t  and 
graphics subsystem. This system would have t he  c a p a b i l i t y  t o  
receive,  s tore,  d i sp l ay  and hardcopy any type of w r i t t e n  o r  p i c -  
t o r i a l  message t h e  ground c o n t r o l l e r s  might  need t o  send t o  the 
astronauts. However, a t  present  n e i t h e r  the requirement nor the  
method o f  implementation has been d e f i n i t i z e d .  But as mot ion w i t h i n  
the  scene i s  n o t  seen as a requirement, the  narrow-band t e l e v i s i o n  
system o f f e r s  a very good candidate method o f  implementation. 

A d e t a i l e d  look a t  a good example o f  NASA's i n f l uence  i n  st imu- 
1 a t i n g  development w i t h i n  t he  i n d u s t r y  i n  the  narrow-band t e l e v i s i o n  
f i e l d  and the  r e s u l t i n g  t r a n s f e r r a l  i n t o  o ther  use fu l  commercial 
avenues o f  a p p l i c a t i o n  i s  descr ibed i n  t h e  f o l l o w i n g  p o r t i o n  o f  t h i s  
a r t i c l e .  

I n  the f a l l  o f  1960 B a l l  Brothers Research Corporat ion formed a 
small group c a l l e d  the D i g i t a l  Te lev is ion  Department. Dr. David 
Stacey, d i r e c t o r  o f  engineer ing f o r  the  company, es tab l  ished as 
gu ide l ines:  f i r s t ,  t o  seek NASA and o ther  government agency con- 
t r a c t s ;  secondly, t o  es tab l  i s h  methods o f  t r a n s l a t i n g  capabi 1 i t i e s  
and knowledge, d i r e c t l y  o r  i n d i r e c t l y  der ived from such cont racts ,  
i n t o  commercial ly use fu l  products. Roy Salaman headed the  new 
department and brought a weal th  o f  knowledge i n  t he  then new and 
e x o t i c  f i e l d  o f  encoding t e l e v i s i o n  images i n t o  d i g i t a l  form. Some 
o f  the goals t o  be sought a f t e r  by t he  group inc luded h i g h l y  e f f i -  
c i e n t  t: ansmi ss ion o f  t e l e v i  s i  on images, perhaps a1 1 owing t en  o r  
more t e l e v i s i o n  s ta t i ons  t o  operate i n  t h e  spectrum space now used 
for  a s i n g l e  channel, o r  poss ib l y  lead ing  t o  the  record ing  o f  a 
compl c t e  t e l e v i s i o n  program on a phonograph record.  Computer 
scrambling o f  p i c t u res  was another area o f  i n t e r e s t ,  as i t  was f e l t  
t h a t  t h i s  might  be essen t ia l  i n  t he  eventqal  usage o f  person-to- 
person t e l e v i s i o n  comnunications i n  c r i t i c a l  i n d u s t r i a l ,  government, 
o r  medical app l i ca t ions .  Th i rd ,  t ransmiss ion o f  TV s igna ls  i n  d i g i -  
t a l  form would a l low very long  distancn, no ise f ree ,  communications. 

The f i r s t  con t rac t  received by the  new D i g i t a l  Te lev i s i on  group 
was from the J e t  Propul s i on  Laboratory i n  Pasadena, Cal i fo rn i a .  
Termed MARFE, an acronym f o r  Mars F e a s i b i l i t y  study, the  con t rac t  
i nvo lved  the  use o f  De l ta  Modulat ion encoding techniques as app l ied  
t o  s i ng l e  frame t e l e v i s i o n  p ic tu res .  The r e s u l t i n g  a c t i v i t y  on t h e  
p a r t  o f  the f l e d g l i n g  D i g i t a l  TV department cou ld  be descr ibed as 
in tense,  and r e s u l t e d  i n  a se r ies  o f  breadboard hardware devices 
i nc l ud ing  encoders and speci a1 i zed t e s t  instruments.  The end 
r e s u l t s  o f  the study, i n  today 's  terms, were n o t  p a r t i c u l a r l y  
sophis t icated,  bu t  gave the  B a l l  s t a f f  members a good s o l i d  ground- 
i n g  i n  the theory and hardware invo lved i n  t h i s  new area o f  tech- 
no1 ogy . 

Company funding o f  i n t e r n a l  research by t he  TV group a lso  
played an impor tant  r o l e ,  and i n  the sp r ing  o f  1961 a h igh  speed 
encoder capable o f  d i g i t i z i n g  and recons t ruc t i ng  standard com- 
merc ia l  TV s igna ls  was p u b l i c l y  demonstrated a t  a communicaticns 
conference i n  Washington, D. C. Sho r t l y  a f t e r  t h a t  the  company was 
heavi l y  i nvo lved  i n  1 ay i  ng the technica l  groundwork and prepar ing 



proposals f o r  the Apol l o  Te lev is ion  subsystem. This a c t i v i t y  per-  
s i s t e d  f o r  several  years and, though no t  r e s u l t i n g  i n  ac tua l  con- 
t r a c t s ,  g r e a t l y  enhanced t h e  departme it capabi 1 i t i e s  and prov ided 
the d i s t r i b u t i o n  o f  a number o f  p o t e n t i a l l y  usefu l  concepts through- 
o u t  the indus t ry .  

I n  the 1960-65 per iod,  techn ica l  i nnova t ion  i n  t he  B a l l  Brothers 
D i g i t a l  TV group was kept  a t  a h igh  l e v e l  by the  f o l l o w i n g  f ac to r s :  

1. d i r e c t  con t rac ts  from NASA and o the r  agencies 

2. in-house p r o j e c t  fund ing 

3. proposal e f f o r t s  

The l a s t  i t em  i s  q u i t e  s i g n i f i c a n t  as i n  many instances a proposal 
might  no t  have resu l t ed  i n  a con t rac t  award b u t  d i d  s t imu la te  a 
g rea t  deal o f  c r e a t i v e  t h i n k i n g  and f r equen t l y  the  generat ion o f  
l abora to ry  hardware t o  back up asser t ions o r  t o  demonstrate ac tua l  
f e a s i b i l i t y .  

I n  1964 B a l l  Brothers Research s t a r t e d  t o  t r a n s l a t e  new tech-  
nology i n t o  commercial products i n  terms of h i gh  speed d i g i t a l  t e l e -  
v i s i o n  systems capable o f  handl ing NTSC c o l o r  s igna ls ,  a new gener- 
a t i  on o f  TV spec ia l  e f f e c t s  generators, v e r s a t i l e  , h igh  qua1 i t y  , 
1 aboratory t e l e v i s i o n  systems, and proto type equipment f o r  t he  
t ransmission o f  TV p i c t u res  over  standard " d i a l  up" phone l i n e s .  

B a l l  Brothers has cont inued t o  be h i g h l y  a c t i v e  i n  the  com- 
merc ia l  marketplace t o  date, bu t  i n  1965 a se r ies  o f  s p i n o f f s  com- 
menced which has r e s u l t e d  i n  t h e  format ion o f  more than 15 small 
companies. One o f  the  f i r s t  of these was Colorado Video, formed i n  
March 1965 on the f o l l o w i n g  premises: 

1. That t e l e v i s i o n  technology had a g rea t  deal o f  p o t e n t i a l  i n  
the f i e l d  o f  ins t rumentat ion,  both f o r  the  d i s p l i ,  o f  data 
and f o r  the processing o f  v i sua l  i n fo rmat ion  by computer. 

2. That video techniques might  be success fu l l y  app l ied  t o  a 
number o f  i n d u s t r i a l  problems, p a r t i c u l a r l y  i r  t he  a-ea o f  
automatic inspec t ion  o f  manufactured goods by a combination 
o f  TV camera and s i gna l  processing equipment. 

3. That an extremely l a r g e  market might  even tua l l y  e x i s t  i n  
the t ransmiss ion o f  s t i l l  TV p i c t u res  over o rd inary  p$one 
l i nes ,  r a p i d  r e t r i e v a l  o f  images f o r  personal use, and 
many o the r  c m u n i  ca t ions  appl i c a t i o n s  i n  indus t ry ,  teach- 
ing, medicine, and government. 

The bas ic  phi losophy of Colorado Video was t h a t  i t  would be a 
hardware house, des ign ing and manufactur ing video instruments,  
i n i t i a l l y  f o r  research 1 aborator ies ,  under the f o l l ow ing  subrat ion-  
a l i z a t i o n s :  

a. That t he re  was no r x i s t i n g  market f o r  t h i s  type o f  



equipment, and consequently C V I  would have t o  depend upon 
imaginat ive engineers i n  NASA, Un i ve r s i t i e s ,  and i ndus t r y  
f o r  i n i t i a l  support. 

b. That by i n t e r r e a c t i o n  w i t h  t h i s  k i n d  o f  customer, the  C V I  
t echn ica l  s t a f f  could prov ide a continuous product devc l -  
opment program wh i l e  searching f o r  v i a b l e  markets. 

Over the  years support  has come d i r e c t l y  from NASA i n  t e n s  of 
hardhare purchases from the  Johnson Space Center, JPL, Marshal 1 
Space F l  i g h  t Center, Langley , Edwards, and Goddard centers.  I n d i  - 
r e c t l y ,  equipment purchases through NASA con t rac to rs  such as the 
Un i ve r s i t y  o f  Arizona, MIT, Philco-Ford, and many o thers  have been 
very s i g n i f i c a n t  i n  the  expansion o f  CVI's product l i n e  and tech-  
n i c a l  capabi 1 i t i e s .  

The most impor tant  area of CVI's work i s  i n  narrow-band t e l e -  
v is ion,  o r  compressed video. Normal broadcast t e l e v i s i o n  s igna l  s 
r ~ q u i r e  apwoximate ly  4 MHz o f  spectrum space, o r  t he  equ iva len t  of 
more than 1000 telephone conversations. 60 nea r l y  i d e n t i c a l  p i c -  
tu res  are t ransmi t ted  every second and a g rea t  deal o f  wasted 
in fo rmat ion  i s  generated even i n  a s i n g l e  p i c t u re .  Compressed 
video, on the o the r  hand, may i nvo l ve  the  removal o f  p i c t u r e  
redundancies e i t h e r  i n  t ime o r  space t o  prov ide f a r  lower bandwidth 
requirements. A number o f  s i g n i f i c a n t  advantages r e s u l t :  f i r s t ,  
t ransmission range may be g r e a t l y  extended ; second, many communi - 
ca t i on  channels may be f i t t e d  i n t o  the space requ i r ed  by a normal 
TV p i c t u re ;  t h i r d ,  compressed video s igna ls  a re  c , s i l y  computer 
processed. 

There are a number o f  methods of  generat ing narrow-band t e l e -  
v i s i o n  s ignals ,  bu t  economics and the  wide a v a i l a b i l i t y  o f  e x i s t i n g  
t e l e v i s i o n  termina l  equipment such as cameras, monitors,  and r e l a t e d  
devices, have s t r ong l y  i nd i ca ted  the desi  r a b i  1 i t y  o f  conver t ing 
standard T V  s igna ls  t o  narrow bandwidths, then, a f t e r  t ransmiss ion 
o r  processing, reconversion t o  standard TV format f o r  v iewing of  
informati017 on convent ional  low i:oSt t e l e v i s i o n  sets.  

The main approach t o  bandwidth compression taken by Colorado 
Video wliich stems from the  e a r l i e r  NASA-related developments i s  
f i r s t  t o  sitmple c r i g i n a l  t e l e v i s i o n  s i gna l s - - t ha t  i s ,  break them 
down i n t o  21 ser ies  o f  dots- - then process i n d i v i d u a l  4 i c t u r e  e l e -  
ments i n  a v a r i e t y  o f  ways t o  achieve low data ra tes .  Reconversion 
of  the com~lressed viaeo s igna ls  back i n t o  standard t e l e v i s i o n  
imager i s  accomplished by means o f  a magnetic d i s c  memory, an area 
of  technology which provides re1  a t i  ve l y  1 ow cost ,  l a rge  capac i ty  
p i c t u r e  storage i n  e i t h e r  c o l o r  o r  b lack and whi te .  

The p o t e n t i a l  communications appl i c a t i o n s  o f  compressed video 
are very f a r  reaching. From a personal standpoint ,  i t  now seems 
l i k e l y  t h a t  t h i s  form o f  po in t - t o -po in t  video serv ice  w i l l  be 
ava i l ab l e  q u i t e  a b i t  sooner than the w ide ly  adver t i sed  "P ic tu re -  
Phone." This i s  because o f  the f a c t  t h a t  the cos t  o f  seh t ing  up a 
new, wideband, switched video serv ice  i s  i nc red ib l e ,  wh i le  com- 
pressed video s igna ls  may be e a s i l y  t ransmi t ted  over  the p resen t l y  



e x i s t i n g  telephone network. Simi l a r l  y  , t h e  spectrum space r e q u i  r e d  
by compressed v ideo s i g n a l s  i s  o f  t h e  o r d e r  o f  1/1000th o f  t h a t  o f  
convent iona l  TV, w i t h  r e s u l t a n t  savings i n  t ransmiss ion  c o s t .  Com- 
pressed v ideo s i g n a l s  a r e  a l s o  e a s i l y  recorded and computer proc-  
essed, thus  making t h e  f i l i n g  o f  l a r g e  amounts o f  v i s u a l  i n f o r m a t i o n  
a  p r a c t i c a l i t y  . 

I n  t h e  medical  f i e l d  a lone t h e  use o f  compressed v ideo may t u r n  
o u t  t o  be o f  g r e a t  b e n e f i t  t o  t h e  smal l  and medium s i z e d  community. 
S p e c i a l i s t s  tend t o  congregate a t  ma jo r  h o s p i t a l s  i n  l a r o e  c i t i e s ,  
w i t h  the  r e s u l t  t h a t  e x p e r t  d i a g n o s t i c  ass i s tance  i s  u s u a l l y  n o t  
ava i  l a b l e  i n  o u t l y i n g  areas. Transmission o f  compressed v i  deo 
images ove r  e x i s t i n g  v o i c e  grade c i r c u i  te e r i l l  a l l o w  a  p h y s i c i a n  t o  
remote ly  observe wounds, f r a c t u r e s ,  and ocher forms o f  e x t e r n a l  d i s -  
a b i l i t i e s .  s i m i l a r l y ,  X-ray, nuc lear ,  u l t rasound,  thermographic,  
and o t h e r  forms o f  images may be r e a d i l y  t r a n s m i t t e d  and diagnosed, 
perhaps w i t h  the  ass i s tance  o f  a  l a r g e  c e n t r a l  computer. Reverse 
channel p i c t u r e  t ransmiss ion  may be used t o  p r o v i d e  emergency 
i n s t r u c t i o n s ,  f o r  equipment r e p a i r  ass is tance ( h i g h l y  s k i 1  l e d  tech -  
n i c i a n s  a r e n ' t  n e c e s s a r i l y  found i n  smal l  towns, e i t h e r ) ,  t o  p r o v i d e  
medical  t r a i n i n g  programs, and t o  g i v e  t h e  l o c a l  medical  personnel  
access t o  c e n t r a l  da ta  f i l e s .  

A smal l  program i n  C a l i f o r n i a  i n v o l v i q g  t h e  remote d iagnos is  o f  
r ~ u c l  ear  imagery was considered q u i t e  successfu l .  Another p r o j e c t  a t  
t h e  U n i v e r s i t y  o f  Wisconsin has i n v o l v e d  formal  medical  i n s t r u c t i o n  
v i a  phone l i n e s .  The Veterans A d m i n i s t r a t i o n  i s  now ready ing a  
mu1 t i  - l e v e l  d i a g n o s t i c  research p r o j e c t  i n v o l v i n g  c o l o r  t ransmiss ion  
over  both  phone l i n e s  and s a t e l l i t e .  The U n i v e r s i t y  o f  Nebraska i s  
c u r r e n t l y  e v a l u a t i n g  remote X-ray a n a l y s i s  , and a  s c a t t e r i n g  o f  
medical  research p r o j e c t s  i n  t h e  U.S. and Canada a re  a w a i t i n g  fund- 
i ng. Colorado Video i s  a1 so work ing wi t h  medical  f i r m s  here and 
abroad t o  i ntroduce commerci a1 grade compressed v ideo  equi  pment t o  
h o s p i t a l s  and c l  i n i c s .  

I n  educat ion  t h e  u t i l i z a t i o n  o f  compressed v ideo  s i g n a l  t r a n s -  
mi  j s i o r ,  ,'or teach ing purposes has i n v o l v e d  Colorado S ta te  U n i v e r s i t y  , 
South Bend Pub1 i c  School System, Y ich igan Techno log ica l  Uni v e r s i  t y ,  
Northwestern U n i v e r s i t y ,  Southern I 1  1  i n s i s  Un4vers i  t j  , and t h e  
U n i v e r s i t y  o f  M issour i  h t  R o l l a .  Two o f  these schools h w e  used 
o r d i  nary  te lephone 1  i nes , whi 1  e  t h e  o t h e r s  have been exper iment inq  
w i t h  the  broadcast ing  o f  compressed v ideo s i g n a l s  over  the  s u b c a r r i e r  
channels o f  FM r a d i o  s t a t i o n s .  Th is  a l lows a  s t a t i o n  t o  c a r r y  i t s  
normal programming w h i l e  s imul taneous ly  t r a n s m i t t i n g  s t i l l  p i c t u r e s ,  
t oge the r  w i t h  an i n s t r u c t o r ' s  comments, t o  uroups o f  s tudents  any- 
where w i t h i n  the  s e r v i c e  area o f  t h e  s c a t i o n .  

Approximately seven seconds a re  r e q u i r e d  t o  t r a n s m i t  a  p i c t u r e  
over  the  FM s t a t i o n  s u b c a r r i e r ,  w i t h  image c l a r i t y  about  equal t o  
t h a t  o f  a  home TV se t .  The equipment r e q u i r e d  i s  r e l a t i v e l y  s imple !  
easy t o  i n s t a l l ,  and easy t o  operate.  Transmission cos ts  d re  much 
lower  than w i t h  convent iona l  educat iona l  t e l e v i s i o n  s t a t i o n s ,  and 
the  media i s  n o t  n e a r l y  as d i f f i c u l t  t o  adapt t o ,  inasmuch as the 
l e c t u r e r  needs p r i m a r i l y  t o  be sure t h a t  he has solnethi ng worthr:hile 
t o  say, and b r i n g s  a lonq a  number o f  p e r t i n e n t  i l l u s t r a t i o n s .  



A b r i e f  sampling o f  o ther  app l i ca t ions  can inc lude  rernote sens- 
i n g  such as t r a f f i c  con t ro l ,  sh i p  movements, radar  remoting, and 
weather observation. A p i l o t  "Weather Watch" i n s t a l l a t i o n  has been 
i n  operat ion a t  Stampede Pass, Washington, fo r  over a  year  now, and 
al lows av ia to rs  a t  Boeing F ie ld ,  Seat t le ,  t o  look  a t  a  TV screen 
showing p ic tu res  o f  ac tua l  cond i t i ons  a t  the  pass. 

Secur i t y  uses o f  compressed video inc lude  s igna tu re  v e r i f i c a -  
t i on ,  i d e n t i f i c a t i o n ,  gate observat ion,  area s u r v e i l  lance, and mal- 
func t ion  analys is .  The a b i l i t y  t o  a c t u a l l y  view a p i c t u r e  o f  the 
s i t u a t i o n  a t  a  remote l o c a t i o n  can be c r i t i c a l  i n  regards t o  t he  
response taken t o  an alarm. As one user pu t  i t :  " I t ' s  no t  very 
e f f i c i e n t  t o  d r i v e  seven m i l es  ou t  i n t o  the  deser t  t o  chase o f f  a  
few jack r a b b i t s  o r  a  coyote. I f  we can sse an ac tua l  p i c t u r e  of an 
i n t r ude r ,  o r  ;erhaps f i r e  o r  wind damage, then we know how t~ 
respond. " 

I n  general communications , the po ten t i  a1 uses ~f compr dssed 
video are as var ied as human contacts : business conferencing, 
exchange o f  technica l  o r  s c i e n t i f i c  data, insurance c l a im  adjustment, 
s i l e n t  paging, t roubleshoot ing,  remote v iewing o f  r e a l  es ta te  o r  
cons t ruc t ion  s i t es ,  and many more. The impor tant  t h i ng  i s  t h a t  we 
don ' t  have t o  w a i t  f o r  the whole wor ld  t o  be newly wired; the tech- 
nology i s  being used now and should expand g r e a t l y  i n  the  nex t  decade. 

I t  i s  important t o  note t h a t  there are a lso  many non-comnuni- 
cat ions uses o f  compressed video. I n d u s t r i a l  i nspec t ion  and con t ro l  
b y s  o f  s p e c i a l l y  processed TV s igna ls  i s  an extremely i n t e r -  
e s t i n g  area, w i t h  f i rms  such as IBM, General Motors, Western E l e c t r i c ,  
Be1 1 Telephone Laborator ies,  General E l e c t r i c ,  Ford Motor Company, 
Owens- I l l ino is ,  S i gna l i t e ,  Ph i l i p s ,  Corning, Proc to r  & Gamble, RCA, 
Fol aro id ,  Bendix, Brown-Boveri , American Opt i ca l ,  Consol i dated Edi son, 
Grumnan, Pharmacia, Kodak, and others  u t i l i z i n g  C V I  equipment f o r  
app l i ca t ions  such as automatic inspect ion of pa r ts ,  i n t r u s i o n  detec- 
t i on ,  pa t t e rn  recogn i t i on ,  non-contact measurements, waveform anal - 
y s i s ,  coniputer machining o f  components, and remote observat ion.  

The combination o f  t e l e v i s i o n  camera and computer provides very 
spec ia l  oppor tun i t i es  i n  data processing, r e l i e v i n g  humans from t e d i -  
ous inspec t ion  tasks i n  i ndus t r y  and a lso  a l l ow ing  f o r  the  enhance- 
ment o f  images and e x t r a c t i o n  o f  i n fo rmat ion  beyond the  c a p a b i l i t i e s  
o f  the human mind and eye. 

Colorado Video a lso  works w i t h  medical research i n s t i t u t i o n s  
throughout the world, and provides instruments f o r  image analys is  and 
computer i nput/output.  A few t y p i c a l  p ro j ec t s  inc lude:  

- Computer ana lys is  o f  r ed  blood c e l l s  a t  the Presbyter ian 
S t .  Luke's Hospi ta l  i n  Chicago. 

- Measurements of hear t  chamber volume by means o f  video 
densi tometry a t  the Chedoke Hospi ta l  i n  Toront3. 



- Analysis o f  human l imb  movement a t  the U n i v e r s i t y  o f  Washing- 
ton. 

- Measurement o f  blood c e l l  wa l l  diameter a t  t he  Un i ve r s i t y  o f  
V i r y i n i a .  

- Computer c o n t r o l l e d  machining o f  a r t i f i c i a l  l imbs a t  t he  
Un i ve r s i t y  o f  B r i t i s h  Columbia. 

- Analysis o f  b lood c e l l  clumping a t  the Un i ve r s i t y  o f  
Cal i f o r n i a  , San Diego. 

- Computer ana lys is  o f  c e l l  co lon ies a t  the  Un ivc rs i  t y  o f  
Ca l i f o rn i a ,  Berkeley. 

A t  present, Colorado Video has a product 1 i n e  o f  over 40 video 
instruments which are so l d  throughout the world. I n  many instances, 
C V I  provides an in termediate  stage o f  technology t r ans fe r ,  p rov i d i ng  
r e l a t i v e l y  low cos t  hardware t o  research s c i e n t i s t s  and engineers 
operat ing i n  many areas of  i n ves t i ga t i on .  

I n  conclusion, experience has shown t h a t  technology t r a n s f e r  
may operate i n  many complex ways. Colorado Video i s  o n l y  one o f  a 
l a r g e  number o f  f i rms  s t a r t e u  by  hASA "graduates" w i t h  t he  courage 
and v i s i o n  t o  attempt t o  t r a n s l a t e  knowledge and c a p a b i l i t i e s  gained 
i n  the  space program i n t o  t ang ib l e  products and serv ices f o r  the 
b e n e f i t  o f  mankind. 
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IMAGE DATA PROCESSING OF 
EARTH RESOURCES MANAGEMENT 

Prepared By 

Dr. R. Economy 

The Earth Resources Technology Satellite (ERTS-1) was launched on July 23, 1972. Since 
- that date, the vehicle has been acquiring and transmitting to earth a vast amount of informa- 

tion relating to the earth's resources. Scientifi,. investigators throughout the world have 
been analyzing photographic products produced from this data with significant results. Re- 
cently, there has been a major shift of emphasis from the visual analysis of photo products 
to  the use of sophisticated digital information extraction techniques. Specialized equipment, 
such a s  the GE IMAGE 100 System, has been developed that operates directly from Computer 
Compatible Tapes, (CCT1s), which contain preprocessed digital data acquired from the ERTS 
spacecraft. Analysis of CCT data avoids the losses in image resolution and quality which a r e  
inherent to all photo processing techniques, thereby greatly increasing the utility of ERTS 
data. Future ground processing systenis will turn out fully corrected (radiometric and 
geometric) uigital tapes which will further increase the utility of ERTS data. 

This paper is presented in two parts: the first part deals with the subject of present and 
future generations of image processing and information extraction systems under develop- 
ment at the General Electric Company; the second part describes in more detail the design 
and operation of GE1s interactive multispectral information extraction systems, IMAGE 100, 
and discusses results of analyses of ERTS data over a number of U.S. sites. 



RESOURCE MANAGEMENT & REMOTE aircraft ;md satellite. The launch of NASA 
SENSING ERTS-1 spacecraft on July 23, 1972 has re- 

The intelligent use of our natural and msn- 
sulted in the ability to collect enormous 
amounts of data from large areas of the 

made resources, the control of pollution 
and waste, the prediction and control of 

globe quickly and accurately, and to pro- 
vide this data to the users in an organized 

weather, the developnlent and management 
of food production and the efficient, p l m d  

form. From this data the user can deduce 

use of land space a r e  several constituents much ol the information needed to under- 
stand the resource trhich he nlust manage. of a process generally referred to a s  

"resource ,nanagementl'. The pervading 
The flow of this data is shown in Figure 1. 

theme of this process is  one of knowledge 
of the problem, decision, action, and ob- 
servation o r  "monitoring" of effectiveness 
of action taken. 

The various interrelationships which exist 
among our resources and environment, and 
the variety and magnitude of the pressures 
to which they a r e  subjected, presents a 
situation which is  extremely difficult to 
understand, let alone control. One of the 
most powerful tools available today is  that 
of remote sensing of the environment by 

The ability to  collect rcnlotely sensed 
earth resources data far exceeds the pre- 
sent capability to process the data such 
that it can be utilized in an effective 
manner. This situation has occurred be- 
cause a s  advances in data acquisition 
techniques have been nlarle (e. g. , higher 
resolution sensors, spaceborne platforms, 
etc. ) the technology for processing the data 
has advanced at a nluch slower rate. The 
state of the ar t  in data acquisition from 
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Technology Satellite system illustrates 
well the problem of data utilization from 
remotely sensed earth resource data. To 
a great extent the information that hae been 
extracted has been from EILTS photographic 
images using manual phato-interpretation 
techniqued. There are two basic limita- 
tions with this type of analysis: (1) 
human interpretation of multispectral data 
in photographic format is a slow, quali- 
tative process; and (2) for the ERTS MSS 
type sensor, film cannot take advantage cf 
the very accurate radiometric properties. 
For example, the spectral discrimination 
capabilities of ERTS Cchannel digital 
tapes a re  2-3 orders of magnitude better 
than ERTS color film. 

Therefore, in order to optimally utilize 
ERTS/EOF, type data, the geometric and 
radiometric correction and data storage 
of the sensor data must be in a digital 
format in order to preserve the radio- 
metric accuracy of the input data. Pre- 
sently, only about 5% of the ERTS data is 
sent to users in a digital format, and even 
this small amount of data has not had geo- 
metric corrections applied. Thus, a 
critical problem for ERTS-B, future space 
missions like Em, and other types of 
earth resourcos survey programs will be 
the low cost correction of all data in a 
digital form in such a way a s  to preserve 
the inherent radiometric accuracy. An 
additional advantage of digital format data 
is the ability to map the data to different 
projection systems such as UTM, Conical, 
Polar, etc. Another major benefit of all 
digital processing corrections of ERTS/ 
EOB/Aircraft Scanner data is that tem- 
poral analysis and change detection can be 
effectively snd in many cases automatically 
performed directly from the corrected 
magnetic image tapes. 

Immeasurable benefits wil l  be derived from 
significant state-of-the-art advances in 
these data system areas. Users of ERlS 

rlata would them be able to receive data that 
fulfills their specific needs (e. g. , quality, 
quantity, format, timeliness, etc. ) and 
would be able to apply the data quickly and 
effectively to problem a m .  

PRESENT AND FUTURE GROUND DATA 
HANDLING 

Currently the ERTS data proceseing systems 
at NASA Goddard Space Fli@t Center as  
well as  the Brazilian and Canadian ground 
stations use hybrid techniques for process- 
ing corrected Image data. The scene- 
corrected digital tapes are  made from the 
film product as shown in the top half of 
Figure 5, with a resulting loss in both 
radiometric accuracy and precise multi- 
channel registration which limits the sub- 
sequent information extraction. An all 
digital system shown at the bottom of 
Figure 5 would avoid these problems, and 
also enable presentation in many map 
coordinates. Further, a s  will be discussed 
later, it can be coupled directly with 
spectral and temporal information extrac- 
tion systems. Some of the specific data 
improvements are shown in Table 1. 

IMAGE PROCESSING APPROACH AT GE 

Figure 6 depicts the systems design a p  
proach to image processing currently 
under development at the General Electric 
Company. The integrated functional flow 
is centered around a minicomputer. De- 
sign flexibility, software-hardware integra- 
tion and cost considerations have led to the 
selection of the PDP 11 series. The func- 
tional blocks in Figure 6 a re  so structured 
that any one of the lperipheralu blocke 1, 
2 or  3 plus the central one 4, can be devel- 
oped into a stand-alone subsystem to yield 
specific l1productsV ahown to the right of 
the data bus. 
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I?;rleed, each of these pieces has been fully 
designed in this fashion and are currently 
in various stages of implementation: 

ment at General Electric's 
Syracuse, Valley Forge and 
Daytom Besch facilities over the 
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a. The DEMUX/FORMATTER + the last six years. The latter 

Minicomputer can be coupled two systems (known by their 

with a ground station to produce popular acronyms GEMS and 

hi& density digital tapes and 
IMAGE 100) have been used quite 
e-xtensively in their "laboratory1' 

computer compatible tapes 
General Electric has recently versions to conduct ERTS experi- 

been awarded a contract by NASA 
ments and in support of opera- 
tional users. Results from 

to build such a system. several of these ~ t ~ d i e s  will be 
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b. The Image Corrector + Mini- 
computer system can be used to 
develop precision imagery in 
film and tape formats. GE has 
initiated fabrication of such a 
system at Valley Forge under its 
Independent Research and Develop- 
ment Program. 

c. The Information Extractor + 
Minicomputer System has under- 
gone three generations of develop- 

briefly reviewed here. 

The "fieldH or  production model of IMAGE 
100 is being produced at Daytona Beach. 

The first of these has been installed at the 
Canadian Center for Remote Sensing and the 
second is beir.3 installed in GE1a new Image 
Processing and Analysis Center in Belts- 
ville, Maryland. This system will be used 
to provide information extraction services 
to a variety of users. 



I'hc configuratioll of the IRIAGE 100 Pro- 
duction RIodcl is schcn~atically portrayed 
in F i p r c  7. 

Input data can be in the transp?rcncy or  
tligitnl formnt, re:ld in via a scanncr o r  
:I ningnetic tape. hlultispcctral bli~ck nntl 
\iPhitc 01. color conlposite film is scanned 
by n black and whitc TV cnniera \vith a 
color-filter digitizcrl instn~ltcncously onto 
:I refresh disc, :~nd band registered. Multi- 
spectral cligitnl tlatn is  rc:ltl directly from 
9-t tack, high tlensity tnpcs onto the refresh 
disc within ~ninutes. 

man-niachinc interaction is  f;~cilitatd via 
ttvo rcaltinic display subsystcn~s. the con- 
sole TV display :lnd the Tckronix tcrnlirlal 
which also tloublc as output dcviccs. 1'hc 
miniconlputcr I'DI' 11/35 fimctions as a 
process control conipl~ter with niultiplc 
tlat:~ disc p c l ~  for rcspectivc sofharc  
systems packages. 

Output products from the currcnt configura- 
tion a r c  slides/pri!lts o;f thc console TV 
scrcen, printouts and plots froni a Could 
printer and G e r k r  plot t c r  a1111 thc TeL%ronis 
tcrn1in:ll. A Diconlcd CP' '. >rilr!cr and 
other output tlcviccs ha- .I. -n in!crfacc?d 
on trial basis. 

The I'roccssing Logic Vnit is :I spccial- Figure 8 is an csamplc 01 .:,mGi.: 100's 
p~lrposc hartl\vnrc dcvir-c configural to nlultiplc inlagc rcgist ration cnpibility. and 
acc-onlplish prcproccssing, multispcctml sho~vs an EIITS CC?' illlagc of P,LU.IUC~ 
:umlysis, :uxl thenlo sji~thcsis iu~rlel* licscrvoir o\rcl*lay~ul on a 1.2 i11:agc which 
intcr:lctivu owmator-ronlpatcr control. h e  a:ls intralurc~l via the st.-;ta:.er inpot. 



IMAGE 100 SYSTERl OPERATION AND 
USE11 ADAPTATION 

The design considerations for IMAGE 100 
included human factors a s  well a s  man- 
machine interaction for a user-oriented 
analysis tool. 

Once an image is input to the system and 
stored on the refresh disc, the user has 
available a cornplcte family of both pre- 
processing and detailed training and classi- 
fication functions which a r e  invoked at the 
push of a button. 

PREPROCESSING 

The imnge can be examined first in black 
and whitc. one band a t  a time. False 
color images a r e  created instantaneously 
and quickly modified a t  the display by gain 
and polarity controls. Beyond this 
"viewingv capabihty, the system offers a 
full spectrkm of "photointerpretrtion" 
nlodes such as  ratio (of pixel spectral tn- 
tensity in adjacent bands) difference-over- 
sum, normalization, and general purpose 
transformation. Spectral analysis down 
stream can be done in any uL these modes 
a s  well a s  in the "raw" data mode. 

Figures 9A and 9B show west central Us 
Angeles from ERTS CCT of March 14, 19-3 
in "raw" and "ratio" modes, respedively. 
Note the differential effects of such a trans- 
formation on the urban area, bringing out 
the street grid, versus the water bcdies, 
etc. Figures 10A and 10B a re  split screen 
representation of the Wilshire Country Club 
a s  observed on two different ERTS passes. 
The ;eft side of the Image shows Wilshire 
Country Club in March of 1973 while the 
right side shows it in December 1972. The 
lower intensities in the December Image a r e  
a result of the lower sun angle and the de- 
crease in vigor of vegeAtation in the winter 

Fiptrc %;. ER TS CCT  it^ "Raw" hlocle Figure YB. El? TS CCT in "Rath" Mode 



Figures 10A 

Figure 10B 

months. Figure 10B show.; thc samc scenes cffcctively rctluced. Thc resultant scene 
after IRIAGE 100 normaliz: tion (each channc shoms only thosc variations in the temporal 
divided by the sun of all channels) noticc that images c a ~ l s a l  11y diffcrcnccs in thc vigor 
the sun angle intensity variations havc bccn of the vcgctation. 



The se!ection of the area for 'trainingff 
the IMAGE 100 on the pixels of interest, 
from ground truth o r  other consideratiom, 
is accomplished by placing the "cursoru 
over it. The cursor, can have one of three 
different formats (0, +,0) i s  variable size 
and location, and i s  controlled by a "joy 
stick1'. The cursor can be used to control 
the corresponding segment of the field of 
view. 

?'IIAIE;L!'G AND CLASSIFICATION 

Training and classif imti~n a r e  critical 
aspects not only of IRZAGE 100 but of all 
renlotely sensed multispectral data analysis. 
The typical flow of this operation i s  depicted 
in Figure 11. Training and classification 
a r e  defined a s  follows: 

o r  features (water, soil, vegeta- 
tion, etc.) a r e  of interest. Given 
object positional information, the 
machine extracts the four dim- 
ensional spectral properties of 
the selected object. This process 
of informing the System which ob- 
ject to analyze, and the Systenl 
process of identifying the spectral 
properties of that object i s  called 
"training". 

Classification - When the spectral 
properties of the object a r e  found, 
the IMAGE 100 System scans the 
total image (pixel-by-pixel) and 
determines if the spectral pro- 
perties of each pixel correlate 
with those of the object of interest. 

Training - Multispectral analysis This testi3g process i s  calir~d 
is predicated on the fact that like "clas~if icat ion~~.  The result of 
objects in a scene have similar the classification process is a 
spectral properties. To effect map in which each pixel i s  identi- 
analysis, the user must inform fied by a class type (or theme) 
the machine a s  to which objects rather than a gray level. 

to.. t1DI1 - t u n  a w n  
s U O (  

0 
? '  ~. 
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Figure I I. IhM GE 100 Opemrbns 



1:LNE-STltt~CTUItED AND GliOSS IRIAGE 
ANA L1SIS 

\Vhilc ER1S acquires uniform data across  
the cntirc earth's surface every 18 d:lys 
at n non~iiml rcsolittioa of HO n ~ c t c r s ,  the 
lcvcl of dctail cwntaincd in thc digital data 
piscl-\\rise that cnq hc brought out. if 
ncccssary. by IFIAGE I 00 cbnn best be 
apprcciatcd by inspection of Figurtbs 12 
:uld 13. Ia'igu I r k  12t\ shows :I portion of a U2 
inlagc of the Wilshirc Country Club in the 
1.0s Angclcs :1rc8n. It nlso ?;ho\vs :u~  
ERTS CCT image of the samc area  from the 
IRIACE 100 IT screen. 1%)' ttraillin~ 1'11 311 

individual piscl with the 1-D histogram shown 
in l'igllrc. 1 213, other "photomorphic" yiscls 
were located. A se r ies  of such then~cs  con- 

stih~tcts thcb rcsult. ('omparrd with a 112 
image of the Wilshire Country Club (Figure 
I 2 A )  tho road through thc club, the club 
housc, etc., c'm be picked out by IhIAGE 100 
from ERTS CCT1s. Conversely, by corn- 
positioning a gross  signaturn, the entire 
club groutlds a r o  alarnlcd . 

1Tsing this gross  signature, other grassy 
a r ca s  - the lh Country Club, Ibncho- 
Hilcrcst Park shown in I:igul.cx 'I:',A, nrc 
picked up in Llc IRIAGE 100 display shown 
in Fi~wrc 13R. llsing the snmc g ~L'OS s 
signature, hldccd, a rather lnrgc group of 
parks, ccmetcries,  golf courses and public 
open spaces a r e  imaged from EItTS data. 





CASE STUDIES OF I M A G E  100 A N A L Y S I S  OF ERTS C C T / D I G I T A L  D A T A  

This section discusses both the key features 
of IhWGE 100 and the unique characteristics 
of ERTS data in  the contelt of some specific 
investigations undertaken by GE scientists 
and engineers. 

It should be mentioned that in  the interest of 
econonly of space and time, only the high- 
lights of the results in black and white, will 

be included in this tc8.\t. The full impact 
of the color transparencies from which these 
illustrations \\,ere made cannot be conveytul 
here. Nor can the dynamic realtime inter- 
active operation of the IMAGE 100 be ade- 
quately described by anything short of a 
"hands on" demonstration of the system in 
operation. 



AORICULTURAL CROP INVENTORY AND MANAGEMENT 

The General Electric Company, in conjunc- (1:igurc 15) demonstrated that the cotton 
tion with a major agricultural firm, has been signature developed by IAIAGE 100 was valid 
investigating techniques for  crop inventor; for classification of cotton in areas separated 
and management using rcnlotc sensing. by 100 n~ilcs. 

CLASSIFICATION OVE K LONC DISTANCE CLASSIFICATION OVER LONG INTE RVAIS 

The multispectral signature of cotton fields 
in the San Joaquin Valley, California was 
extracted from the ERTS digital tape data 
on General Electric's IMAGE 100 System. 
by training on a specific known cotton field. 
This signature was then used to classify 
cotton on the entire ranch, including a 
section 100 miles south of the training area. 
( l ' i g ~ r c  14 is an insert morle representation 
of the IhIAGE 100 display itpith the southern 
section inserted in the lower right corner 
of the screen. ) Thc correct clnssification 
of cotton in both sections of the ranch 

OF TIRIE 

In another esperiment, t\vo E R l S  images 
of the same ranch area  \\.ere tcikcn one ycar 
apart. This data was analyzed to detcrnlinc 
if the signature developed by IhlAGE 100 
for the first ycar could be used to  accurate- 
ly classify cotton at the sanlc phase of its 
growing cyclc one year latcr. F i m ~ r ~  1 (; 
shotvs n split screen representation of the 
sanle area of the ranch which was gencratcd 
from the ERTS CCT1s fornlcd in 1972 and 
1973. (Patterns a r e  different duc to crop 
rotation. ) Training was accomplished on 



the field in the cursored area and the de- 
rived signature was used to  classify in both 
ERTS images. The results of this classi- 
fication a r e  shown in ~~~~~~c 17. All cotton 
was correctly classified and demonstrated 
that the signature developed by IRlAGE 100 
was valid for classification of cotton in the 
same phase of its growing cycle one year 
later. 

CROP STATUS ASSESSMENT 

IMAGE 100 is  also being used to assess the - 

effectiveness of crop ro ta t i~n,  fertilization, 
pest control, water, and other farm manage- 
ment programs by monitoring changes in 
the spectral signature of various fields 
throughout the growing cycle. The objective 
is to define and monitor indicators of the 
crop management programs in order to 
effect corrective action to avoid crop yield 
reduction in the affected fields. F i g x ~ r ~  1 S 

shows an KBIAGE 100 classification of cotton 
in a section of the ranch. Note the varia- 
tion in thc spectral signature of the field on 
the right side of the image. The corrcs- 
ponding ERTS Image, Fig~irc I 9, shows that 
these variations, in fact, correspond to 
reduced infrared reflection caused by re- 
duced vegetation vigor. Data pertaining to 
management practices for this field is cur- 
rently being reviewed to determine the 
cause and fornlulate plans for corrective 
action. 

In sunlmary, there appears to be no doubt 
that IhlAGE 100 analysis of ERTS data in 
digital form can provide useful information 
for large scale crop inventories and manage- 
ment of agricultural processes. The utility 
of this data is currently limited only by fre- 
quency of ERTS co-rerage and timely avail- 
ability of digital data. 



LAND COVER CLASSIFICATION 
FOR 

ENVIRONMENTAL IMPACT ASSESSMENT 

The General Electric Company is supporting the U.S. 
Army Corps of Engineera in the prepamtion of an 
Environmental Impact Stntemcnt on the Xlississippi 
River Nine-Foot Channel Navigation Project. The 
chqnnel must be dredged regularlv to m~intain the 
nine-foot depth necess:lry to support nnvigntion. This 
in turn. necessitates identifying suitable locations for 
disposal of the dredge spoils, and it further necessi- 
tates identifying the environment11 impact of such dis- 
posal. 

Results shown here a r e  part of an overall oroject for 
which the firm of lioward, Needles, Tammen. and 
Bergcntloff is prepl~ring an Impact S:atomcnt for the 
Corps of Engineers; the statement will be reviewed at  
p-ablic hearings. Because the project wna conducted on 
a compressed time schedule, the themnti~ maps and 
dattt hnd to he produced in a short time. The near- 
real-time interactive capability of the IMAGE 100 very 
likely provided the only approach to accomplishing the 
thematic mapping in time to meet the schrdulc. 

A principal General Electric task has been to use ERTS 
digital data (August 29-30, 1972) to map seven land use 
classes along 350 miles of the upper Xlississippi River 
from lower \\'isconsin to about SO miles north of 
St. Louis, Xlissouri. Thirteen locks form the bounds 
of twelve navigation pools in this section of the river. 
For each of the twelve pools. Genenl Electric has pre- 
pared seven transparent binary thematic map overlays 
pertaining to \\'oodL?nd, Brushland, Gmssland, llarsh- 
Lmd, Open \ h t e r ,  Ilrhan. and :Ireas Devoid of VegeL7- 

The themes were produced by the Generrll Electric 
IMAGE 100 Svstem from ERTS Computer Compatible 
'rapes. First, a highly internctive man-machine pro- 
cedure is employed to develop the signatures from which 
the themes a r e  g e n e n t d .  In this procedure an ecolopjst 
fnnliliar with ground truth and the river environment, 
and a General Electric endncer, worked together to 
extract, check and correct thc desired s i m t u r c s  by 
examining several test areas nlong the river. Once 
estnblished. the sigmtures were :~pplied ~ 4 t h  no further 
modificntions :o the ERTS digital datx for a :GO-mile 
scction of the river, producing the desired themes for 
this section. The entire operation \\\':IS completd in 
less than $0 hours of Ill:\(;E 100 time of which npprosi- 
matelv two thirds wns devoted to sign:~ture development 
and one third to theme production. 

Chdput is in thc form of nmp overlays 111 :I srnlc of 
1:250.000. Results also a r e  recorded digitally on mng- 
netic tape. The f i p r c s  here show results for n portion 
of one navigation pool in the vicinity of hlusmtine, Iowa. 
Theme signatures used here were developed at  other 
locations along the river. It is  of interest to note that 
one of the a r m s  highlighted by the "l'rban" theme in- 
cludes a region south of the center of lluscatine which 
i s  not indicated on the latest I'SCS. 1:250,000 map. 
Ilowever, the IlSCfi. 7.5-minute >luscntine clu:ldr:~nglr 
map. revised in 1970 from aerial photographs. shows 
an extension of the Irrbnn area specifically in this 1oc:i- 
tion. 

C ' S G  Map of Region Ncar Muscatine 
low=. Scale 1:250,000 

IMAGE 100 Display of thr Scene 
From ERTS Dl~ital  Data 





THE APPLICATION OF NATURAL SCIENCE DATA 'TO LAND MANAGEMENT DECISION-MAKING 

Donald L. Wi l l iams, Car l  P. Sharpe, Peter  G. Rowe 

THE QUESTIONS 

Many times technology t r a n s f e r  i s  presumed t o  focus on hard- 
ware. This presentat ion should i n d i c a t e  the p o t e n t i a l  and impor- 
tance o f  the t r ans fe r  o f  sof tware technology i n  several  f i e l d s  t o  a 
developing and unre la ted f i e l d .  It c e r t a i n l y  i nd i ca tes  the poten- 
t i a l  f o r  the use o f  systems analys is ,  computer aided hand1 i n g  and 
remote sensing o f  ea r t h  science and community development data t o  
the land management f i e l d .  

This presentat ion could be a p t l y  s u b t i t l e d ,  " bu i l d i ng  the  1 i n k  
between data and decis ion".  Because as we have become aware t h a t  our 
na tu ra l  environment i s  a scarce, precious and inc reas ing ly  threatened 
resource, there i s  a developing need t o  i n t e g r a t e  na tu ra l  science i n -  
formation i n t o  land management decision-making. 

The dec is ion  i s ,  development f o r  mankind's use a t  what p r i c e  t o  
the r e s t  o f  h i s  environment. More s p e c i f i c a l l y :  What w i l l  we bu i l d ;  
where w i l l  we b u i l d ;  when w i l l  we b u i l d ;  what w i l l  we bu i l d ;  what 
p r i c e  w i l l  we pay? 

Concern about our na tu ra l  environment sometimes confuses two very 
d i f f e ren t  issues as one. Remedial environmental c l  ean-up and fu tu re  
environmental choices are two d i f f e r e n t  problem sets. Granted, one 
can l ea rn  from the  other,  bu t  t he  processes o f  s o l u t i o n  are no t  s im i -  
l a r .  

Research a t  Rice center1 and t h i s  presentat ion concentrates on 
the l a t t e r  problem--future environmental choices. The quest ion we 
a re  so lv ing  i s ,  can we accurate ly  p r e d i c t  the consequences o f  p l ac i ng  
var ious land uses i n  the  na tu ra l  environment p r i o r  t o  the dec is ion  t o  
do so? I f  we can do so, then mankind could  do the  fo l lowing:  

1. Manage our impact on the  na tu ra l  environment. 
2. Make informed 1 ocat iona l  choices. 
3. Respond t o  s p e c i f i c  hazard and resource issues. 
4. Provide performance c r i t e r i a  f o r  the b u i l d i n g  and opera- 

t i o n  o f  our communi t i e s ,  
5. Assign p r i o r i t i e s  t o  research and design and hardware pro- 

duc t ion  i n  the community development f i e l d .  
6. Develop p o l i c i e s  f o r  land development which are cons is ten t  

and f a i r  f o r  a l l  over time. 
7. Provide l e g i s l a t i o n  which p ro tec ts  nature,  the land owfie't-, 

and the  pub l i c  equal ly.  

I n  order t o  achieve t h i s  purpose, the  gap between our knowledge 
of nature and the  p r i v a t e  and pub1 i c  decision-maker must be closed 
through ac t i on  i n  the f o l l ow ing  areas: 

1. Be t t e r  understanding o f  the  community b u i l d i n g  processes. 
2. Be t t e r  understanding o f  na tu ra l  systems. 
3. Development o f  a n a l y t i c a l  t o o l s  and procedures f o r  pre- 

d i c t i n g  consequences ahead o f  decis ions.  
4. I nc l us i on  of funds f o r  the use o f  these t o o l s  and proce- 

dures i n  p r o j e c t  proposal s. 
5. Displays the r e s u l t s  i n  a form the  pub l i c  and t h e i r  dec is ion-  

makers can use. 



6. Test the l e g a l i t y  o f  the use o f  such r e s u l t s  as the  founda- 
t i o n  f o r  p u b l i c  p o l i c y  i n  land management. 

F i r s t ,  l e t  us look a t  t he  procedures t h a t  a re  being developed 
and then l e t ' s  examine some ac tua l  app l i ca t ions .  We are look ing  a t  
the f i t  between the na tu ra l  environment and the soc ia l ,  economic and 
funct iona l  a t t r i b u t e s  o f  man's communities. I t  i s  poss ib le  t o  look 
a t  the f i t  between each o f  these a t t r i b u t e s  and a1 1 others;  however, 
i n  t h i s  case, we a re  concent ra t ing on na tu ra l  environment ana lys is  
and i t s  f i t  w i t h  the o ther  a t t r i b u t e s .  We are working w i t h  the 
t r a n s i t i o n  from nature i n  i t s  present s t a t e  t o  var ious forms and i n -  
t e n s i t i e s  o f  development. 

DESCRIBING THE NATURAL SYSTEM 

F i r s t  Quest ions? 

Hazard and Resources. We have found t h a t  i t  i s  extremely he lp-  
f u l  t o  keep hazard issues separate from resource issues. The p o i n t  
be ing t h a t  some issues are heal th ,  sa fe t y  and welfare types of ques- 
t i o n s  such as ground water p o l l u t i o n .  Others a re  c l e a r l y  resource 
dep le t i on  quest ions l i k e  the removal o f  land from a g r i c u l t u r a l  use. 
I t  i s  extremely d i f f i c u l t  a t  t h i s  t ime t o  develop a hard, f a c t u a l  
case i n  the  resource issue arena. That i s  r ~ o t  the case d i t n  hazard 
issues. Court cases can be success fu l l y  l i t i g a t e d  based upon proof 
o f  a hazard t o  l i f e  and/or proper ty .  With resource deple t ion,  we 
t h i n k  t h a t  t he  u l t i m a t e  choice r e s t s  w i t h  the vo te rs  o f  a community, 
be i t  na t iona l ,  s t a t e  o r  l oca l .  

It i s  impor tant  t o  us t h a t  our work be l e g a l l y  defens ib le .  
Thus, an ana lys is  procedure b e t t e r  recognize what can be defended 
and implemented and what cannot--at  the outset .  

Levels o f  E f f o r t .  I t  i s  a l so  impor tant  t o  recognize t h a t  the re  
a re  d i f f e r e n t  l e v e l s  o f  needs and t he re fo re  demands t h a t  wi 11 be 
placed upon na tu ra l  environment ana lys is  systems. The procedure t h a t  
t r e a t s  a l oca t i ona l  quest ion the  same as a spec i f i c  issue quest ion i s  
asking f o r  problems. The same i s  t r u e  i f  you t r e a t  the l oca t i on  of 
an a i r p o r t  the same as the l o c a t i o n  of a 50-un i t  subdiv is ion.  The 
in format ion requ i red  and the  dec is ions t o  be made a re  q u i t e  d i f f e r e n t  
f o r  l o ca t i ona l  and issue questions as i t  i s  f o r  reg iona l  area and 
s i t e  s p e c i f i c  questions. Thus, one o f  the e a r l y  procedures i s  t o  
def ine the l e v e l  o f  dec is ion  t o  be made, t h t  resources requ i red  t o  
meet the needs o f  t h a t  d -c i s ion  and there fo re  the type and s i ze  of 
ana lys is  required. The r e s u l t  i s  t h a t  we are developing an inven- 
t o r y  o f  mutua l l y  compatible b u t  d i f f e r e n t i a t e d  t3o ls .  

What To Do? - 

The Inventor  . We s t a r t  w i t h  an inventory .  I n  our work we have 
t yp i ca  l y  use the general na tu ra l  science in format ion c l a s s i f i c a t i o n s  
o f  geology, physiography, hydrology, c l imato logy,  s o i l s ,  w i l d l i f e  dnd 
vegetat ion and supplemented them w i t h  in format ion on percs i  ved na tu ra l  
amenit ies and h i s t o r i c a l  and e x i s t i n g  land uses. We must have factua l  
na tu ra l  science data tha t  i s  place s p e c i f i c .  I n  the end, na tu ra l  
s c i e n t i s t s  must be ab le  t o  p u b l i c a l y  a t t e s t  t o  the q u a l i t y  of the 



i n fo rma t ion ,  i t s  p roper  i n t e r p r e t a t i o n  and use and i t s  accurz te  p lace-  
ment i n  geographic space. Without  t h i s  p r imary  i n p u t ,  a  n a t u r a l  en- 
vironment a n a l y s i s  does n o t  e x i s t .  I t  i s  i n  t h i s  area t h a t  t he  U,S. 
i s  p robab ly  on the  verge o f  s i g n i f i c a n t  t echno loq ica l  breakthroughs. 
Na tu ra l  sc ience da ta  gathered on a  c o n s i s t e n t  basis,  over wide aeographic 
areas, a t  r e g u l a r  i n t e r v a l s  and a t  low c o s t  i n  t ime and d o l l a r s  i s  es- 
s e n t i a l .  Remote sensing o f f e r s  us such data. 

A t  t h i s  +ime, however, na tupa l  sc ience i n f o r m a t i o n  comes t o  us 
i n  a1 1  s izes ,  shapes and co lo rs .  We a r e  o b l i g a t e d  t o  reassemble i t  
i n t o  a  form t h a t  a l l o w s  comparative a n a l y s i s  o f  processes and place. 
Th is  can be done w i t h  co lo red  o r  d i g i t i z e d  maps. The cho ice  r e l a t e s  
back t o  t h e  e a r l i e r  quest ions  mentioned about t h e  l e v e l  o f  informa- 
t i o n  a v a i l a b l e  afid the  dec i s ions  t o  be ,lade. We must i n  t h e  end be 
ab le  t o  a c c u r a t e l y  desc r ibe  the  n a t u r a l  system a t  work i n  a  g i ven  
p iece o f  geography. 

C e l l  Size. I t i s  a t  t h i s  p o i n t  t h a t  you decide what t h e  geo- 
graph ic  s u b d i v i s i o n  o f  t h e  data  s h a l l  be - - i n  our  case, t he  s i z e  o r  
combinations o f  s i z e s  of geographic c e l l s  t h a t  w i l l  be d i g i t i z e d .  

The bes t  way t o  l o o k  a t  t h i s  ques t i on  i s  t o  ask a g ~ i n  what k i n d  
o f  i n f o r m a t i o n  w i l l  we have and what k i n d  o f  d e c i s i o n s  must i t  be used 
f o r .  I n  t h e  case o f  n a t u r a l  science, data  q u a l i t y  and d e n s i t y  become 
impor tan t  quest ions ;  b u t ,  so does t h e  ques t i on  o f  how much search ing 
can you do; how much t i m e  can you spend mapping i t ; d i g i t i z i n g  i t  
and i n t e g r a t i n g  t h e  r e s u l t s .  These l a t t e r  quest ions  must be r e l a t e d  
t o  resources t h a t  w i l l  be expended f o r  t h e  d e c i s i o n  t h a t  w i l l  be made. 
The more we can s u b s t i t u t e  mcchine f u n c t i o n s  f o r  human func t i ons  i n  
t h i s  p a r t  o f  t h e  a n a l y s i s  procedure, t h e  more l i k e l y  we a re  t o  pro-  
duce a  cos t  e f f e c t i v e  procedure. A t  t h i s  t ime, a  f u l l  one - th i rd  t o  
one-half  o f  the  a n a l y s i s  c o s t s  a r e  devoted t o  i n f o r m a t i o n  g a t h e r i n g  
and d i s p l a y i n g .  Even worse, a  mis take abaut  t h e  amount, k i n d  and 
form o f  da ta  can r a i s e  n a t u r a l  environment a n a l y s i s  cos ts  t o  d i sas -  
te rous l e v e l  s. 

Problems With I n t e g r a t i o n .  So we take  n a t u r a l  sc ience data  and 
r e c o r d  i t  by s u b j e c t  a rea (such as s o i l s  types); amount present  (per -  
cent ,  s ize ,  l e v e l ,  e t c . ) ;  f o r  a  g i ven  geographic area ( c e l l ) .  If 
we took the  s imp les t  approach f o r  each s u b j e c t  area, we cou ld  i d e n t i -  
f y  by s u b j e c t  areas c e r t a i n  c e l l s  t h a t  cou ld  be developed, c e r t a i n  
c e l l s  t h a t  had manageable development prob;ems, and y e t  o the rs  t h d t  
ought  n o t  be developed, Assuming t h a t  these i n d i v i d u a l  rnaps cou ld  
be defended, t h e r e  i s  a  l a r g e r  problem. The o v e r l a y i n g  o f  i n d i v i -  
dual  s u b j e c t  area maps i n  o rde r  t o  g e t  a  compcsite development map 
r a i s e s  severa l  quest ions,  Such a  system o f  da ta  i n t e g r a t i o n  pre-  
supposes t h a t  each of t he  mapped sub jec ts  a re  o f  e q ~ ~ a l  o r  some de- 
te rminab le  weighted va lue t o  each o the r .  I n  o t h e r  words, ? rodab le  
s o i  1s issues equal ground water  p o t e n t i a l  issues equal a g r i c u l t u r a l  
c a p a b i l i t y  issues.  We f i n d  no b a s i s  i n  f a c t  f o r  such a  p o s i t i o n ,  
nor  a re  n a t u r a l  s c i e n t i s t s  a b l e  t o  ass ign f u l l y  de fendcb le  weighted 
values t o  such s u b d i v i s i o n s  o f  in for ma ti or^. Thus, we have been ex-  
a m  i n i n g  many d i s c i p l i n e s ,  t o o l s  and techniques t h a t  would a1 low t h e  
i n t e g r a t i o n  o f  n a t u r a l  sc ience da ta  w i t h o u t  t he  assignment o f  values 
t o  independent b i t s  of data.  



Clus te r  Anal s i s  One such a n a l y t i c a l  t o o l  t h a t  we have found 
he lp fu  l-l--- i s  c us te r  analysis2. This procedure and o the r  too ls ,  such 
as dendrograms and o rd i na t i on  procedures, have al lowed us t o  conibine 
a vas t  ar ray o f  na tu ra l  science data and produce maps which i n d i c a t e  
geographic areas of g rea t  na tu ra l  s i m i l a r i t y ,  cind a t  the  same ti111e t o  
r e t a i n  a l l  o f  the  o r i g i n a l  data i n  a  usable form f o r  l a t e r  land manage- 
ment decis ions.  

The procedure begins w i t h  na tu ra l  science data-- the va r iab les - -  
i n  whatever form, being encoded and manipulated so t h a t  d i g i t a l  maps 
can be produced f o r  accuracy v e r i f i c a t i o n  by na tu ra l  s c i e n t i s t s .  The 
maps can cover a  vas t  number o f  var iab les,  such as the  presence of  
var ious types o f  geo log ic  formations, s o i l s  sub jec t  t o  eros ion and 
na tu ra l  amenit ies, such as views, w a t e r f a l l s  and rec rea t i on  lakes. 

The c l u s t e r i n g  procedure produces a  composite inap t h a t  i d e n t i -  
f i e s  groups o f  c e l l s  which a re  s i m i l a r  across - a1 1  o f  the  i n d i v i d u a l  
var iab les.  I n  add i t i on ,  a  p r o f i l e  of the  c l u s t e r s  prov ides d e t a i l e d  
informat ion about each c l u s t e r  and each va r i ab l e  r e l a t i v e  t o  a l l  of 
the  c l us te r s  (such as mean and standard dev ia t ion ) .  The r e s u l t  i s  
we have gone from l a r g e  amounts o f  un re la ted  na tu ra l  science data t o  
a  non-weighted, in tegra ted  p i c t u r e  of a  given piece of geography. 
Further,  we know i t s  i n d i v i d u a l  and i n t eg ra ted  c h a r a c t e r i s t i c s  re1  a- 
t i v e  t o  a1 1  o f  the r e s t  of the geography i n  the  same study area. 

Accompl i shed Wi ias  

A t  t h i s  po in t ,  WP have done noth ing more than descr ibe the  
na tu ra l  environment or a  g iven gecyaph i c  area a t  a  g iven p o i n t  i n  
time. But we have done so no t  or;ly on a  v a r i a b l e  v a r i a b l e  basis,  
but ,  most impor tant ly ,  we have done so 3n an i~it l :cref, i  bas is  t h a t  
i s  l o g i c a l l y  defens ib le .  

It i s  appropr ia te  t o  p o i n t  ou t  a t  t h i s  t ime tha t ,  w i t h  accurate 
remote sensing t o o l s  feedinp in fo rmat ion  t o  data hand1 i n g  machines 
programmed w i t h  such too ls ,  there e x i s t s  the p o t e n t i a l  f o r  producing 
s ~ c h  a  desc r i p t i on  o f  na tu rn  au tomat i ca l l y  and a t  r egu la r  i n t e r v a l s .  
The l i m i t s  are, o f  course, r e l a t e d  t o  those var iab les  t h a t  Lan be 
obtained through remote sensing techniques. Nonetheless, mankind has 
the  p ~ t e n t i a l  of producing accurate descr ip t ions  of the  ea r t h ' s  
na tu ra l  system unl  i k e  anything we have p rev ious ly  had s t  our dispo- 
sa l  --and these descr ip t ions  can be dynamic r a t k i -  than s t a t i c ,  

I t  i s  a lso  appropr ia te  t o  p o i n t  ou t  t h a t  we have a  data f lexi ; ; le 
procedure t h a t  a l lows  f o r  var ious qua1 i t i e s  and dens i t i e s  of data; 
t h a t  a l lows pew data t o  be added w i t hou t  s t a r t i n g  a t  t he  beginning 
and w i thou t  .major costs o r  t ime delays. 

DESCRIBING DEVELOPMtNT 

Types 

A t  the same t ime a  g iven na tu ra l  system i s  being described, another 
k i nd  o f  inventory  i s  c a r r i e d  forward. What k i n d  and amount of deve- 



lopment w i l l  he proposed f o r  the peographic area under study? A 
d e f i n i t i v e  1  i s t  o f  development categor ies  i s  compiled f o r  f u r t he r  
analys is .  We t r y  t o  begin t o  out1 ine  the general r e l a t i onsh ips  be- 
t w ~ e n  various types of deve1opn:ent cCl tegor ies  and developnient con- 
sequences upon nature. For example, d i f f e r e n t  dens i t i e s  and types 
o f  housing created d i f f e r e n t  amounts o f  hard surfaces and water run- 
o f f .  Here the  comrnuni t y  developnent spec ia l  i s t  and the na tu ra l  
s c i e n t i s t  work hand i n  hand t o  begin an accurate and f ac tua l  descr ip-  
t i o n  o f  the cause and e f f e c t  r e l a t i onsh ips  between nature and man- 
made development. 

Use A c t i v i t i e s  

This i s  ca r r i ed  forward i n t o  d e t a i l e d  o u t l i n e s  of var ious types 
of deve l~pmer~ t  land  uces and t h e i r  impact upon general na tu ra l  sys- 
tems. This al lows a  cate log ing o f  s p e c i f i c  use a c t i v i t i e s  (such as 
the withdrawal o f  ground water )  and t h e i r  r e l a t i o n s h i p  t o  d i f f e r e n t  
types o f  devel opment 1 and uses. 

A t  t h i s  po in t ,  a l l  we have done i s  descr ibe development land 
uses and t h e i r  use a c t i v i t i e s  i n  terms t h a t  r e l a t e  t o  impacts o r  
changes tney might cause i n  nature. 

PUTTING I?' TOGETHER 

I f  we a re  t o  p r e d i c t  the consequ'nces o f  p l ac i ng  var ious deve- 
lopment types on var ious na tu ra l  systems p r i o r  t o  the  ac tua l  ac t ,  
the  na tu ra l  environment and developriient desc r ip t ions  must be t i e d  
together. Needless t o  say, t h i s  i s  the s tep t h a t  the  fa in t -hear ted  
have shied from. Here i s  the  crux of the  quest ion-- the r e s u l t s  upon 
which recornendations and dec is ions w i l l  be made. The r e s u l t s  upon 
which cou r t  cases w i l l  be decided. 

The t o o l  t h a t  has been most h e l p f u l  t o  us here i s  the construc- 
t i o n  o f  a  network of key na tu ra l  environmental r e l a t i onsh ips .  This 
de l inea t ion  of r e l a t i onsh ips  a ids tbe t r a c i n g  of the impact o f  a  
given developmen1 type and i t s  associated use a c t i v i t i e s  through ths  
na tu ra l  system cf  t h r  geographic area under cons id era ti or^. Thus, 
no t  on ly  are d i r e c t ,  f i r s t  order impacts del ineated, bu t  so are 
second, t h i r d ,  f o u r t h  and f i f t h  order  e f f e c t s  described, and where 
possible,  quan t i f i ed .  For example, the range of ground water w i t h -  
drawal associated w i t h  a  given development car, be stated. If t h i s  
i s  i n  an area o f  a  p a r t i c u l a r  type o f  f r esh  water acluifer, w i t h  c l a y  
layers,  surface subsidence can r e s u l t .  I f  t h i s  area i s  near the  
coast, incr?ased f l ood ing  can occur and s a l t  water can occupy fo rmer ly  
fresh water marshes. I n  tu rn ,  the vegetat ion 8nd w i l d l i f e  o f  the 
area w i l l  change, a l t e r i n g  the v i sua l  and product ive c h a r a c t e r i s t i c s  
of the area The quest ion i s ,  d i d  we want t h i s  t o  happen? 

By i a e n t i f y i n g  the i n t e r r e l a t i o n s h i p s  among key na tu ra l  environ- 
nlental cha rac te r i s t i c s  o f  a  given geographic area and forming these 
i n t o  a  network o f  i n t e r r e l a t e d  phenomena, the  paths by which deve- 
lopment impacts are d i s t r i b u t e d  and absorbed w i t h i n  the na td ra l  sys- 
tem are i den t i f i ed .  The degree o f  a  development impact thus becomes 



defined i n  terms of the ex ten t  o f  environmental change experienced i n  
any no r t i on  of the network. 

Taking the  p r o f i l e  descr ip t ions  o f  the var ious c l us te r s  of the 
geographic area under considerat ion, i t  i s  now poss ib le  t o  p r e d i c t  
the changes t h a t  are 1 i k e l y  t o  occur i n  the c l u s t e r  if a given deve- 
lopnent i s  placed thereon. 

Up t o  t h i s  p o i n t  i n  the na tu ra l  environment analysis,  we have 
attempted t o  maximize quan t i f i ab le  and i n t e r r e l a t e d  step-by-step-- 
almost cook book--procedures. Subjective, value-laden procedures 
have been removed o r  minimized. This al lows others  t o  rep1 i c a t e  the 
analys is  f o r  v e r i f i c a t i o n ,  and i t  al lows those disagreeing w i t h  the 
Recomnendations which fo l low t o  examine the source of those Recom- 
mendations, and perhaps draw d i f f e r e n t  conclusions, w i thou t  having 
t 3  recreate t h e  e n t i r e  analys is .  

RECOMMENDATIONS 

We have found t h a t  several types o f  Recomnendations can be drawn 
from t h i s  type o f  analysis.  

Locat i  onal 

The f i r s t  type i s  Locdt ional .  A l l  types of dec is ions r e l a t e d  t o  
the l oca t i on  o f  development types i n  space can be supported o r  chal -  
lenged w i t h  the analys i  s r esu l  ts .  Questions about a1 t e r n a t i v e  1 oca- 
t i ons  can be answered. Environmental Impac+. Statements have a sound 
non-s i te  o r ien ted  foundation. Choices and t rade-o f fs  can be made 
on top of the t ab le  w i t h  the costs ca lcu lab le .  

Management 

The second type of Recormendation i s  Management. The na tu ra l  
environment problems can be expressed and performance c r i t e r i a  can 
be w r i t t e n  f o r  the p ro tec t i on  o f  the na tu ra l  system. These c r i t e r i a  
can be w r i t t e n  f o r  each c l us te r ,  f o r  each development use a c t i v i t y ,  
for  each na tu ra l  science sub jec t  areh o r  f o r  i n d i v i d u a l  p ro tec t i on  
i s s~ les .  By the  documenting o f  the c r i t e r i a  by which the area can be 
protected from environmental degradation, the costs o f  p ro tec t  i o n  can 
again be pu t  on the t ab le  w i t h  o ther  issues. 

DataIMoni t o r i  ng/Process 

Other kinds o f  Recmmendations tihat can be made and backed by 
the analys is  are the needs f o r  b e t t e r  data i n  a given area. Recom- 
mended moni tor ing procedures t h a t  should be i n s t a l  l e d  dur ing  construc- 
t i o n  and operat ion of t he  proposed development. A1 so, Recommendations 
about the ~ o l i c i e s  and wgan i za t i ona l  s t r uc tu re  t h a t  w i l l  be requ i red  
t o  use the analys is  r e s u l t s  and monitor the implementation can be 
prepared. 



FINALLY 

Thus, what has p u t  t o q c t t ~ c r  I!, a n,~ttrr';ll enviroreltental 
a n a l y s i s  process which a1 lows the  decision-makcr t o  kriow t h e  probab le  
consequences o f  h i s  d e c i s i o n  p r i o r  t o  tht' d c t .  A t o o l  f o r  t h e  p r i v a t e  
and p u b l i c  developer and t h e  c o n s e r v a t i o l i i s t  a1 i ke .  A t o o l  t h a t  can 
expose the  " l e t ' s  develop" versus " l e t ' s  p r o t e c t "  c o n f l i c t  t o  the  
l i g h t  o f  day where the  consequences and costs  of  t r a d e - o f f s  w i l l  
have t o  be j u s t i f i e d  p r i o r  t o  the  a c t  and n o t  a f te rward .  A proce- 
dure  t h a t  s u b s t i t u t e s  f a c t s  f o r  r h e t o r i c  and emotion. 

ACTUAL APPLICATIONS 

The n a t u r a l  environment a n a l y s i s  process t h a t  has been descr ibed 
here has been developed over  the  pas t  f i v e  years.  The work began i n  
L o u i s v i l l e ,  Kentucky, and has been cont inued a t  R ice  Center  i n  Hou- 
ston, Texas. I t s  e a r l y  d i r e c t i o n  was p r i n i a r i l y  l o c a t i o n a l  arid laanage- 
nient c r i t e r i a  o r i en ted ,  w h i l e  r e c e n t  work has been general  a p p l i e d  
research. The work i s  con t ' nu ing  t h i s  y e a r  w i t h  our  Texas G u l f  Coast 1 P r o g r a n ~ I F i r s t  Phase P r o j e c t  . One prdduct  o f  t h i s  p r o j e c t  w i l l  be 
de l  i n e a t i o n  o f  t h e  n a t u r a l  environment p r o t e c t i o n  issues a long t h e  
Texas G u l f  Coast and t h e i r  l o c a t i o n  A second product  wi  11 i n d i c a t e  
probable developnient scet iar ios f o r  the  Textis coast .  The f i l ia1  product  
w i  11 i n d i c a t e  where t h e  h i g h e s t  probabi  1 i t.y f o r  c o n f l  i c t  betweell dc- 
velopment and p r o t e c t i o n  i n t e r e s t s  e x i s t s .  Th i s  w i l l  ' l i d  i n  the  
s e t t i n g  o f  p r i o r i t i e s  f o r  c o n t i n u i n g  Rice Center  work i n  t h i s  area 
as w e l l  as a c t i n g  as an e a r l y  warning sys te~ i i  f o r  p r i v a t e  and p u b l i c  
decision-makers. 

Loui sv i 1 1 e Newconl P r o j e c t  

L o u i s v i l l e  i s  a ~ n e t r o p o l i t a n  r e g i o n  cove r iny  6.5 111 i l l ion  acres 
and hav ing a 1970 p o p u l a t i o n  o f  a p p r o x i r ~ ~ a t e l y  1.4 111i 11 i o n  people. 
It i s  a two-s ta te  (Kerituch.y and Indi ' ind) ~ r b d l l  area. The phys io-  
graphy of the  r e g i o n  changes fro111 r o l l  i n g  p la ins ,  t o  deeply c u t  water  
courses, t o  !ii 11 s t h a t  p rov ide  d r a ~ n a t i c  changes i n  e l e v a t i o n .  

The Newco~rl work4 i nc luded  l o c a t i o n d l  work i n  th ree  arenas: natu-  
r a l ,  socio-economic and 1 inkage (tran;port; l t iot i ,  u t i l i t i e s ,  colil- 
mun i t i es ,  e t c . ) .  The r e s u l t  o f  t he  l o c d t i o n a l  work was the i d e n t i -  
f i c a t i o n  of  f i v e  h i g h l y  s u i t a b l e  areas capable o f  suppor t i ng  the 
rroposed 80 ,OC3 p o p u l a t i o n  new conununi t y .  

P e r f o n i i ~ n c c  c r i  t e r i d  were proposed f o r  t.hc i)~;~~;;iiriq, des ign arid 
constt.~cct ion o f  Newconi. These c r i t e r i a  a t.tenlpted t o  s t a t e  t t ie guide- 
1 ines f o r  use hy those des ign ing and c o n s t r u c t i n q  the co111111u1ii t y  as 
we1 1 as those respons ib le  f o r  ~ i i on i  t o r i n g  t h e i r  performance. These 
c r i t e r i a  a t t e ~ i ~ p t e d  t o  g e t  a t  t he  prob len~s o f  for111 o f  t h e  co111111uni t y  
as w e l l  as the  s i z e .  For example, d i f f e r e n t  types a r ~ d  designs f o r  
housing cause d i  f f e r e n t  i ~ ~ i p a c t s  on the  n a t u r a l  env i runn~ent .  Th is  
iiieans, f o r  example, t h a t  t he  salrie 600 persoris cdn 1 i v e  on tt ie sallie 
125 acres and cause v a s t l y  d i f f e r e r ~ t  i n i ~ u c t s ,  depending on t h e i r  
choice o f  hous lng types. 



Louisv i  1 l e  Regional A i r p o r t  P r o j e c  

The type o f  work s t a r t e d  i n  the :iewc,~m p r o j e c t  wds c a r r i e d  i n t o  
the A i r p o r t  Natura l  E l ~ v i  ronrnent Ac,i l ~ s i  sS. The purpose of t h i s  work 
was t o  provide t he  technica l  i npu t  t o  the  s i t e  se l ec t i on  process 
and the foundat ion f o r  the  p repara t ion  o f  the eventual  Environmental 
Impact Statement. The work was done i n  th ree  major increments: Re- 
g iona l ,  Subregional, and Selected Si tes .  We began by de f in ing  the 
areas i n  the  r eg ion  w i t h  the  "greatest  developlnent p o t e n t i a l "  and 
aided i n  the  se lec t i on  of 800,000 acres f o r  d e t a i l e d  subregional 
ana lys is .  This 8C0,@00 acres (500,000 i n  Kentucky and 300,000 i n  
Ind iana)  was pu t  through an ana lys is  procedure s i m i l a r  t o  the  one 
descr ibed e a r l  i e r .  Natura l  science in fo rmat ion  was i n v e n t o r i ~ d ,  
d i g i t e d  and combined, producing c l u s t e r  maps foi- t he  area. The 
na tu ra l  impact c h a r a c t e r i s t i c s  o f  the  proposed a i r p o r t  and i t s  p e r i -  
f e r a l  growth were documented. From t h i s  we were ab le  t o  recommrnd 
sectors  of the 800,000 acres t h a t  were capable o f  accept ing the 
proposed development, those areas t h a t  were no t  capable and w r i t e  
general management guide1 ines f o r  design and cons t ruc t ion .  

This aided the  29 members o f  the  pub l i c  s i t e  s e l e c t i o n  com- 
m i  t t e e  t o  reduce the number o f  s i t e s  from 9 t o  4. These 4 s i t e s  
were then analyzed i n  d e t a i l  and a prefer red s i t e  chosen. 

A l l  o f  t h i s  work was done i n  a manner t h a t  was usable by the 
pub l i c  decision-maker and c i t i z e n  a l i k e ,  and w i t h  the f d l l  under- 
standing t h a t  pub1 i c  hear ings were a p a r t  o f  the  process and c o u r t  
cases were 1 i ke l y .  It i s  impor tant  t o  a l so  note t h a t  the ma te r i a l  
was presented i n  such a wav t h a t  the  s i t e  s e l e c t i o n  conn i t tee  was 
ab le  t o  quan t i f y  the na tu ra l  environment issues along s i de  9 o ther  
l oca t i ona l  issues. Thus, t r ade -o f f s  were made on t op  o f  the t a b l e  
i n  f u l l  pub l i c  view, and the consequences known i n  advance of the 
choice. 

Cor r ido r  A n a l l s i  s I ' ro jec ts  - - - -- --- -- 

This i s  the p o i n t  t o  note t h d t  s i n i i l a r  work has been done e lse -  
where6 on c o r r i d o r  l o c a t i  onal ana lys is .  The same types o f  procedures 
are q u i t e  app l i cab le  t o  the  analys ic  of the impact o f  t r anspo r t a t i on  
ane u t i  1 i t y  co r r i do r s .  The t rade-o f f s  between a1 t e r n a t i v e  c o r r i d o r s  
can be quan t i f i ed  and documented p r i o r  t o  the f i n a l  choice r a t h e r  
than a f t e r  the c h ~ i c e .  

Chambers County, Texas Pro jec t  

Cur ren t l y  under way i n  the Houston reg ion  i s  a Nat iona l  Science 
Foundation funded p ro jec t !  k i ce  Center i s  respons ib le  f o r  one of 
three components o f  the work--the Environniental Analysis Component, 
The Law and I n s t i t u t i o n a l  Components of the p r o j e c t  are  being com- 
p l e ted  by i nd i v i dua l s  and organizat ions a t  the Un i ve r s i t y  of Houston. 
The purpose of our work on the p r o j e c t  i s  t o  apply the  na tu ra l  en- 
vii-onment analys is  process t o  a minimal l y  developed coasta l  county 
w i t h  a p o t e n t i a l  f o r  growth. Chambers County, Texas, was chosen 
because of i t s  cu r ren t  development s ta tus,  i t s  i n d u s t r i a l  expansion, 



i t s  l o c a t i o n  i n  t t le Houston reg ion  and i n t e r e s t  on the  p a r t  of county 
go~er rment  1 eaders. 

F ive ob jec t i ves  were se t  f o r t h  f o r  our  work: ( 1 )  assemble 
m t u r a l  science data inventory ;  (2)  i n ves t i ga te  1 i ke l y  types sc 
development; (3)  azsess capabi 1 i t y  of area t o  support development; 
( 4 )  de r i ve  general mandgernent guide1 ines; ( 5 )  i n ves t i ga te  moni t o r i n g  
techniques. The f i r s t  phase o f  our  work has been completed, and the  
p r o j e c t  Technical ~ e p o r t ~  exp la ins the  process and the r e s u l t s  i n  
de ta i  1. P a r t i c u l a r  success has been achieved i n  the  cons t ruc t ion  
o f  the network o f  happenings caused by the placement o f  development 
i n  var ious geographic areas o f  Cha~libers County. The nex t  phase o f  
work w i l l  cont inue t o  develop t h i s  t o o l  as we l l  as evaluate the pub l i c  
and p r i v a t e  uses of the  in fo rmat ion  coming f r l i m  the  e n t i r e  process. 

UHERE ARE WE? 

To date the Chambers County P ro j ec t  atld the  L o u i s v i l  lt: A i r p o r t  
P ro j ec t  represent our  most conlprehensive appl i c a t i o n  o f  na tu ra l  en- 
vironment hnalys is .  The Texas Gu l f  Coast P ro j ec t  w i l l  expand the 
procedure t o  app l i ca t ions  on a 1 arge coasta l  region. With completion 
o f  t h a t  work, the ana lys is  procedures w i l l  have been app l ied  across 
areas and issues from a l a r g e  reg ion  t o  5,300 acre s i t e s  and several  
steps between. Evaluat ion o f  f u t u r e  uses by the  p r i v a t e  and pub1 i c  
sector  should be ab le  t o  fo l low. 

WHERE ARE WE GOING? 

It appears t h a t  the development of t o o l s  and procedures t h a t  
can accurate ly  p r e d i c t  the consequences of development on nature 
p r i o r  t o  the a c t  i s  w i t h i n  our inniediate reach. The q u a l i t y  and 
sequent ia l  a v a i l a b i l i t y  of na tu ra l  science in forn la t ion should con- 
t i nue  t o  improve. Every e f f o r t  should be made t o  produce d e t a i l e d  
na tu ra l  systems descr ip t ions  o f  geographic areas i n  fo r~ i ia ts  usable 
f o r  community development questions. Our understanding of the op- 
t i o n s  and a l t e r n a t i v e  ways of b u i l d i n g  and operat ing our colnnluni t i e s  
should be advanced Inore q u i c k l y  Techno1 og i  ca l  advancelllent o f  con!- 
munity hardware should occur i n  the areas o f  g rea tes t  l o n ~  range 
need and cease i n  areas t h a t  sinlply w i l l  prolong e x i s t i n g  problems. 
L e g i s l a t i v e  and adm in i s t r a t i ve  pol  i c y  should make use o f  these new 
t o o l s  and we should leave the e ra  o f  land use con t ro l s  and enter  
the fu tu re  w i t h  a workable systeni f o r  1 and resource nlanagelllent. 
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NATIONAL ECONOMIC MODELS OF INDUSTRIAL WATER USE AND WASTE TREATMENT 

Russel l  G. Thompson 
James A. Calloway 

I n  developing improved decis ion a ids  f o r  policy makers, the 
importance of economics can not be overlooked. What w i l l  be 
produced, how it w i l l  be produced, and f o r  whom i t  w i l l  be produced 
a r e  always fundamental questions.  I n  a l a i s sez - f a i r e  s t ruc tu re ,  
there  is one i d e a l  s e t  of answers t o  these questions; a s o c i a l i s t i c  
s t r u c t u r e  w i l l  r e s u l t  i n  another s e t  of answers. Answers t o  
questions of what w i l l  be produced, how, and f o r  whom w i l l  depend 
both on the p o l i t i c a l  s t r u c t u r e  and the  po l i c i e s  of t h a t  s t ruc ture .  
I n  a la i ssez- fa i re  economy, publ ic  goods such a s  water and a i r  w i l l  
be free.  The cos t  of water,  s ince  i t  is zero, w i l l  not a f f e c t  the 
design of the  production f a c i l i t i e s .  In  a s o c i a l i s t i c  (planned) 
economy, l imited quan t i t i e s  of goods a r e  al located t o  users.  These 
l imi ta t ions  w i l l  imply c e r t a i n  values f o r  t he  goods; these values 
w i l l  a f f e c t  the design of the  production f a c i l i t i e s .  

The United S t a t e s  has ne i the r  a la i ssez- fa i re  nor a s o c i a l i s t  
economy. The government inf luences,  but does not necessar i ly  
determine, a l loca t ions  and p r i ce s  of goods. Public goods such a s  
water and a i r  have been r e l a t i v e l y  cheap. I n  the pas t ,  p r ices  of 
these goods have not  a f fec ted  the  design of production f a c i l i t i e s .  
However, t h a t  is t rue  no longer. 

Today, the p r i ce  of water, due t o  government water qua l i ty  
po l i c i e s ,  is r i s i n g  rapidly.  Very high production cos t s  may r e s u l t  
from a zero wastewater discharge policy. Industry managers need 
t o  know the e f f e c t s  of a i r  emission and s o l i d  waste r e s t r i c t i o n s  
on production cos t  and resource use. 

In making these  evaluat ions,  managers w i l l  look a t  many 
subs t i t u t ion  p o a s i b i l i t i e s  i n  conjunction with each of the proposed 
waste management po l i c i e s .  For example, how w i l l  production cos ts  
be affected by using dry cooling r a the r  than wet cooling? How 
w i l l  the discharge of wastes be affected by the  use of a l i g h t  
feedstock ra ther  than a heavy feedstock? How w i l l  the  cos t  of 
water treatment be affected by the  qua l i ty  of the  input water? 

One of the s implest  methods of making these subs t i t u t ion  
evaluations is  l i nea r  programing. A l i nea r  program is developed 
i n  the following way f o r  a design problem: 

(1) an engineering flowgraph is developed f o r  the problem; 
(2) the flowgraph i d e n t i f i e s  the important decis ion points  

a t  which subs t i t u t ion  p o s s i b i l i t i e s  may occur; 



(3) f o r  each subs t i t u t ion  p o s s i b i l i t y ,  the  quant i ty  of each 
input and the quant i ty  of each output ,  including waste, 
i s  specif ied (with the input-output coe f f i c i en t s  organ- 
ized i n  a matrix of numbers ca l l ed  a tab leau) ;  

( 4 )  c e r t a i n  subs t i t u t ion  p o s s i b i l i t i e s  a r e  l imited by resource 
l imi t a t ions ,  physical laws, O i +  public pol icy r e s t r i c t i o n s  ; 

( 5 )  given cos t  minimization a s  a goal of the decision maker, 
a so lu t ion  t o  the l i n e a r  program may be ca lcu la ted  with 
the  use of a computer t o  y i e ld  the leas t -cos t  s e t  of 
subs t i h l t i o n  a c t i v i t i e s  and t h e i r  l eve l  of operat ion;  

( 6 )  the e f f e c t s  of va r i a t i ons  i n  the l imi ta t ions  and the  
coe f f i c i en t s  on the  so lu t ion  may be analyzed with the 
use of the computer. 

Results of t h i s  type of ana lys is  w i l l  be pa r t i cu l a r ly  he lpfu l  
t o  managers i n  evaluat ing how resource use ,  production cos t ,  and 
waste discharges i n  d i f f e r en t  types of production m3y be a f fec ted  
by resource l imi t ing  po l i c i e s  of the government. l'he government is 
present ly l imi t ing  wastewater discharges,  a i r  emissions, and s o l i d  
waste discharges. These po l i c i e s  a r e  a f f ec t ing  how products a r e  
produced, the types and amounts of resources used (including 
monies), waste discharges t o  the a i r ,  water,  and land, and the cos t  
of producing important f i n a l  products desired by consumers. 

AN APPLICATION O F  ECONOMIC METHODS TO MIDELING ETHYLENE AND M N I A  
PLANTS AT THE DESIGN STAGE 

One inrrportant economic question i s  how water use and waste 
treatment w i l l  change i n  response t o  government wastewater e f f l u -  
e n t  standards.  Two types of subs t i t u t ion  p o s s i b i l i t i e s  were 
iden t i f i ed  i n  the p lan t  modeling: (1) among c l a s ses  of f a c t o r s  
and (2) among technical  va r i a t i ons  within c lasses .  The c l a s se s  of 
f ac to r s  a f fec t ing  how water is used and waste is t r ea t ed  i n  an 
ethylene plant  a r e  (1) l i g h t  vs.  heavy feedstocks; (2) a i r  cooling 
vs. water cooling; (3) e l e c t r i c  motors vs .  steam d r ive r s ;  (4) high 
qua l i t y  vs. poor qua l i t y  input water and (5) a range of input water 
temperatures. 

Within each c l a s s  of f ac to r s  technical  va r i a t i ons  e x i s t  which 
a f f e c t  operation of the water use and the waste treatment system. 
Different  flows and concentrations of wastes from the production 
process may be t r ea t ed  by varying the operating conditions of the 
treatment processes. These va r i a t i ons  i n  operating conditions w i l ~  
r e s u l t  i n  d i f f e r e n t  cos t s  of production. 

Ethylene 

In ethylene production, propane ( l i gh t )  and naphtha (heavy) 
a r e  possible feedstocks ; the production system may be cooled with 
water o r  with a i r ;  steam may be used d i r e c t l y  as  a source of power 
o r  i nd i r ec t ly  t o  produce e l e c t r i c i t y ;  both the hardness and the 
temperature of the input water w i l l  vary from one rer:ion t o  another.  

An ethylene p lan t  model was developed f o r  ethane, propane, 
and naphtha feedstoct;s. The cooling system was designed f o r  a i r  
and water cooling. The models were developed t o  use steam d i r e c t l y  



and ind i r ec t l y  (converted t o  e l e c t r i c i t y )  a s  a source of power, 
Hard and s o f t  input water was s tud ied ,  a s  wel l  a s  ho t  and cold 
input water temperatures. Demineralization and evaporation were 
used t o  t r e a t  inorganic wastes; o i l  separat ion,  a i r  f l o t a t i o n ,  
sludge ac t iva t ion ,  and carbon adsorption were used t o  t r e a t  organic 
wastes. 

Discharge p o l i c i e s  requi r ing  zero discharges of f l o a t i n g  o i l  
and suspended s o l i d s  and emulsified o i l  increase ethylene production 
cos t s  less than 12. Zero discharges of a l l  organic  r e s idua l s  
( f l oa t i ng  o i l ,  suspended s o l i d s  and emulsified o i l ,  BOD, and phenol) 
and inorganic res idua ls  ( t o t a l  dissolved so l id s )  increase production 
cos t s  14%. Zero discharge of organic r e s idua l s  presents  a spec i a l  
d i sposa l  problem; t h i s  was accomplished by c l a r i f y i n g  and deminer- 
a l i z i n g  the  wastewater stream from the carbon adsorpt ion u n i t  and 
using i t  a s  makeup water f o r  t he  w e t  cooling tower. Concentrated 
br ine  streams from t h e  demineralizers were evaporated t o  dryness. 

The r e s u l t s  i n  Figure 1 show how production cos t s  increase  
with increasingly r e s t r i c t i v e  waste discharge p o l i c i e s  f o r  each of 
the important organic wastewater res idua ls .  The r e s u l t s  i n  Figure 2 
show how production cos t s  increase and how water use is  changed with 
increasing r e s t r i c t i o n s  on t o t a l  dissolved s o l i d s  discharges.  Sim- 
i l a r  r e s u l t s  were obtained f o r  Tzenton and Saginaw. Res t r i c t i ve  
wastewater discharge pol icy may s i g n i f i c a n t l y  a f f e c t  how water is  
used i n  ethylene production; however, increases  i n  production cos t s  
a r e  general ly  r e l a t i v e l y  small  f o r  a l l  l e v e l s  of renoval except 
those near zero discharge. 

Ammonia 

I n  ammonia production, na tura l  gas and naphtha a r e  a l t e r n a t i v e  
feedstocks; the same subs t i t u t i on  p o s s i b i l i t i e s  regarding cooling, 
energy sources,  and water qua l i t y  used i n  ethylene production form 
a pa r t  of t he  ammonia model. A separa te  model represen ts  each of 
four geographic regions.  Demineralization and evaporation were 
used t o  t r e a t  inorganic wastes; there  a r e  no organic wastes. 

Dissolved s o l i d s  a r e  the  only s i g n i f i c a n t  discharge from the  
ammonia production process. Achieving zero discharge of dissolved 
and suspended s o l i d s  causes production cos t s  t o  increase by 3%. 
Figure 3 shows the  corresponding process changes which occur a s  
discharge standards become increasingly r e s t r i c t i v e .  Figure 4 shows 
how the  marginal cost  of removal increases  with increasingly 
r e s t r i c t i v e  wastewater e f f l u e n t  standards f o r  suspended and dissolved 
so l id s .  

Figure 5 i s  an est imate  of the consumptive demand fo r  water a s  
a function of water withdrawal pr ice .  I f  higher pr ices  a r e  imposed 
on water withdrawals t o  reduce water withdrawals, water recycling 
is  employed, process water temperatures r i s e ,  and water consumption 
increases  because of increased evaporation. Elect ion of the  a i r  
cooling opt ion reduces water withdrawals t o  a minimum where withdrawals 
equal consumption a t  zero discharge. 

The e f f e c t s  of increasingly r e s t r i c t i v e  wastewater e f f l u e n t  
s t a~ lda rds  on increased energy use were r e l a t i v e l y  small  i n  both 
annnonia and ethylene production. 



EXTENSIONS 

Additional p l an t  rnodels have been developed f o r  caurrtic soda- 
chlorine, stem e l e c t r i c  power generation, pulp and paper, and i r o n  
and s t e e l .  These models have been reviewed by industry and govern- 
ment q e r t e  and rev i red  accordingly. Additional plant  models a r e  
being developed f o r  the following important chemical based products: 
polypropylene, nylon, syn the t i c  rubber, and anhydrous ammonia. 

Models of b i o t r e a t e r  and ion  exchange u n i t s  have bee ,  developed 
and interfaced with the  p lan t  models. With adjustments i n  t he  cos t  
estimates f o r  p lan t  s i z e  and with d i s t r i bu t ione  of t he  waste loads 
f o r  each industry,  the  e f f e c t s  of wastewater discharge po l i c i e s  on 
the  production cos t s  of an industry may be estimated. 
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ECONOMIC MODELING AXE ENERCY POLICY PLANNIYG 

Russell G. Thompson 
Acdrew K. Schwartz, ?r. 
Rodr igo J . Lievano 

John C. Stone 

INTRODUCTION 

In a market economy, forecasts of energy production, use and 
price require estimates of the demand functions for the important 
uses of energy and estimates of the supply functions for crude oil, 
natural gas and coal. Demand functions for electricity, natural 
gas, and fuel oil have been estimated for household and commercial 
uses (Baughman & Joskow, 1974; Levy, 1973; Anderson, 1973). Demand 
functions for gasoline, jet fuel, and distillate fael have been 
estimated for transportation uses (Houthakker and Verleger, 1973; 
Adams, Graham and Griffin, 1973). Demand functions for the outputs 
of the heavy fuel using industries have been estimated for certain 
important products, e.g. nylon (Ward and King, 1973). Supply 
functions for crude oil, natural gas, and coal are being estimated 
with support from NSF (RANN). However, reliable estimates of the 
demand functions for natural gas, crude oil, and coal in industrial 
uses (heating and feedstock) and in steam electric power generation 
are needed. 

The purpose of this paper is to present a structural economic 
model for estimating the demand functions for natural gas and crude 
oil in industry and in steam electric power generation. This struc- 
tural economic model was initially developed by Schwartz et.al., 
with the support of NSF (RANN), in the following general ways: 

(1) linear economic models of production, energy use, water 
use, wastewater treatment, air emission control, and 
solid waste management were developed for petroleum 
refining and for production of olefins, chlorine-caustic, 
ammonia, sulfuric acid, aromatics (benzene, toluene, 
xylenes), phthalic anhydride, hutadiene, styrene, 
cyclohexane, ethylbenzene, carbon black and styrene- 
butadiene rubber ; 



(2) l i n e a r  economic models of c l e c t r i c  power genera t ion  for  
both steam and gas  t u r b i n e s  were developed; 

(3)  t h e  l i n e a r  e c o r ~ m i c  models i n  (1) and (2)  were integrated 
i n t o  one over -a l l  l i n e a r  power process  model wi th  cascading 
of hea t  from high temperature t o  low temperature processes ;  

(4) f o r e c a s t s  of t h e  n a t i o n a l  requirements f o r  each of t h e  
important f i n a l  products of t h e  model were s p e c i f i e d ;  

( 5 )  with t h e  o b j e c t i v e  of c o s t  minimization,  s o l u t i o n s  t o  t h e  
l i n e a r  program were computed f o r  d i f f e r e n t  s p e c i f i c a t i o n s  
of r e s t r i c t i o n s  on waste d i scharges  and f u e l  a v a i l a b i l i t i e s .  

With increased s c a r c i t y  of crude o i l ,  t h e  model s u b s t i t u t e s  
one process  f o r  ano ther  t o  minimize t h e  c o s t s  of producing t h e  fore- 
c a s t  product requirements.  The a v a i l a b i l i t y  of crude o i l  is r e s t r i c t e d  
u n t i l  t h e  model can no longer  s u b s t i t u t e  one p rocess  f o r  another .  
These process  s u b s t i t u t i o n s  r e s u l t  i n  decreases  i n  crude o i l  use  
-1.d inc reases  i n  production c o s t s .  Th i s  schedule of incremental  
va lues  of crude o i l  g i v e s  t h e  demand schedule  f o r  crude o i l .  S imi la r  
parametr ic  eva lua t ions  can g i v e  t h e  demand schedules  f o r  n a t u r a l  gas  
and waste d i s p o s a l  r i g h t s .  

ESTIMATED DEMAND '-.CHEDULES FOR A NATIONAL POWER PROCESS COMPLEX 

With t h e  use  of t h e  computer, demand schedules  f o r  crude o i l  a r e  
being es t imated f o r  a power process  complex of petroleum r e f i n i n g ,  
important chemicals production,  and steam e l e c t r i c  power genera t ion ,  
s a i d  complex producing f o r e c a s t  n a t i o n a l  requirements of its products.  
The demand curves  a r e  being es t imated f o r  the  fol lowing cases :  (1) t h e  
power and process  a c t i v i t i e s  a r e  f u l l y  i n t e g r a t e d  wi th  heat  from t h e  
high temperature processes  cascaded t o  low temperature uses ;  bio- 
t rea tment  of a l l  organic  wastes i s  requ i red  before  d i scharge  of t h e  
wastewater stream; and cool ing is suppl ied by wet coo l ing  towers; (2) 
t h e  power and process  a c t i v i t i e s  a r e  p a r t i a l l y  i n t e g r a t e d  wi th  r e s t r i c t e d  
cascading of h e a t ;  b iot reatment  of a l l  organic  wastes is requ i red  before  
discharge of the  wastewater stream; and w e t  cool ing towers a r e  used f o r  
cool ing;  (3) tt.e power and process  a c t i v i t i e s  a r e  f u l l y  i n t e g r a t e d  wi th  
h e a t  from t h e  high temperature processes  cascaded t o  low temperature 
uses ;  zero  d i scharge  of a l l  organic  and inorganic  wastes is  requ i red ,  
wi th  no l i q u i d  water leaving from t h e  p l a n t ;  and wet cool ing towers 
a r e  used f o r  cool ing.  Zero discharge of o rgan ic  r e s i d u a l s  p r e s e n t s  a 
s p e c i a l  d i s p o s a l  problem; t h i s  is  accomplished by c l a r i f y i n g  and 
demineral iz ing t h e  wastewater stream from t h e  carbon adsorp t ion  u n i t  
and using i t  a s  makeup water f o r  the  wet cool ing tower. Concentrated 
b r i n e  streams from t h e  demineral izers  a r e  evaporated t o  dryness.  

The es t imated demand schedule f o r  crude o i l  i n  Case 1 i s  given 
i n  Figure  1. The demand schedule b a s i c a l l y  r e f l e c t s  a long run 
curve because t h e  model provides f o r  new c o n s t r u c t i o n  where necessary ,  



No environmental waste d i scharge  r e s t r i c t i o n s  a r e  placed on t o t a l  
d i s so lved  s o l i d s ,  s u l f u r  ox ides ,  o r  p a r t  i c u l a t e s .  The breakpoints  
i n  t h e  graph represen t  p o i n t s  a t  whicll the  demand f o r  e i t h e r  source  
of crude cha:~ges by more than 1%. 

With a p r i c e  inc rease  from $3.00 t o  $10.75 pe r  b a r r e l ,  crude 
o i l  use i n  t h e  complex dec reases  from 15.1 WBBLIday t o  11.3 ElMBBLIday. 
With an  inc rease  i n  crude o i l  p r i c e  from $3.00 t o  $5.00 per b a r r e l  t h e  
equivalent  of 2.6 m i l l i o n  b a r r e l s  per  day of c o a l  i s  s u b s t i t u t e d  f o r  
t h e  burning of petroleum products  t o  f i r e  t h e  b o i l e r s .  With higher  
p r i c e s  of crude o i l ,  a d d i t i o n a l  c o a l  is mined and is s u b s t i t u t e d  f o r  
crude o i l .  With p r i c e  i n c r e a s e s  from $5.00 t o  $10.75, crude o i l  use 
dec reases  l e s s  than 1.2 m i l l i o n  b a r r e l s  per dav. 

The bulk of the  change i n  crude o i l  use  is  accounted f o r  by 
reduc t ions  i n  the use  of imported crude o i l ;  the  use  of domestic 
crude d e v i a t e s  l i t t l e  from t h e  imposed upper l i m i t  of 3.5 b i l l i o n  
BBL per  year  (9.589 MMBBLjday). As might be  expected,  t h e  use  of 
non-crude sources  of energy and feedstock i n c r e a s e  d r a m a t i c e l l s  where 
permit ted .  Only e x t e r n a l  purchase of c o a l  ( a t  75c/?MBTU) is no t  a t  
i ts  upper l i m i t  i n  the  base  case .  Purchases of n a t u r a l  gas  and propane 
a r e  held t o  2.2 X 1016 BTLl and 258 MMBBL (per y e a r ) ,  r e s p e c t i v e l y .  
Purchase o f  n a t u r a l  gaso l ine  f o r  gaso l ine  blending i s  held  t o  192.9 
?MBBL per year .  External  s u p p l i e s  of n-butane and isobutane feeds tocks  
a r e  l i m i t e d  t o  80.68 XMRBL and 9300 MMBBL (per   ear), r e s p e c t i v e l y .  

A s  crude o i l  p r i c e  i n c r e a s e s  from $3/BBL t o  $10.75/BBL, c o a l  use 
i n c r e a s e s  74.5%. Mining of c o a l  becomes p r o f i t a b l e  a t  a crude p r i c e  of 
$4.45/BBL. Coincident wi th  t h e  i n c r e a s e  i n  coal  use ,  s u l f u r  oxide  
emissions inc rease  41.742 and p a r t i c u l a t e  emissions inc.rense 60.36%. 
A t  a  crude p r i c e  of $7.038/RHIA, t h e  genera t ion  of e l e c t r i c i t y  i n  
e x i s t i n g  o i l  f i r e d  p l a n t s  begins t o  dec rease  s i g n i f i c a n t l y  i n  f avor  o f  
e l e c t r i c i t y  genera t ion  from new c o a l  f i r e d  p l a n t s .  As crude p r i c e  
i n c r e a s e s  more e thy lene  is  made from LPC and l e s s  from naphtha and gas  
o i l .  To ta l  consumption of a s h  f r e e  f u e l  (gas  o r  f u e l s  s u i t a b l e  f o r  
gas  t u r b i n e s )  dec reases  by 4.542 over  the i n v e s t i g a t e d  range. Cnn- 
surnption of heavy l i q u i d  f u e l s  and petroleum coke dec reases  by 93.92%. 
Given t h e  dramat ic  inc rease  i n  c o a l  use ,  however, t o t a l  consumption 
of a l l  f o s s i l  f u e l s  inc reases  by 1.76%. The c u r r e n t l y  repor ted  r e s u l t s  
a r e  s t i l l  under refinement and f u r t h e r  r e s u l t s  (along with those  f o r  
cases  2 and 3)  w i l l  be r epor ted  a t  the meeting. 



The model is being extended t o  include l inear  production 
models f o r  the  Important p1.s t i c s  (polypropylene, polyethylene, 
polyvinylchloride, and polystyrene), important synthet ic  f i b e r s  
(nylon 66 and polyester) , f e r t i l i z e r s  (nitrogen and phosphorus) , 
i ron and steel, pulp and paper, nonferrous metals (aluminum, copper, 
zinc),  and coal  gasification/combined cycle power generation. The 
model, which w i l l  r e f l e c t  a very large f r ac t ion  of f o s s i l  f u e l  use 
i n  heavy industry and e l e c t r i c  power generation, w i l l  allow us t o  
evaluate the  e f fec t s  of envirolmental policy, energy policy, and 
power policy on the uses of resources, the  discharges of wastes, 
and the cos t  of producing e l e c t r i c i t y ,  ref inery products and the  
important outputs of the  heavy f u e l  using industr ies .  Economically, 
the model w i l l  s e l e c t  the  least-cost manner (given d i f fe ren t  policy 
res t r i c t ions )  t o  produce the nation's requirements f o r  e l e c t r i c i t y ,  
energy products, and the outputs of the  heavy f u e l  using indust r ies  
from the  nation's limited supplies  of crude o i l ,  na tura l  gas, coal,  
and water . 

The microeconomic bas is  fo r  policy evaluations is being in ter -  
faced with the  Texas Input-Output Model and with nat ional  input- 
output models developed by the University of Maryland (INFORUM) and 
the United Sta tes  Department of Commerce. These combined models w i l l  
allow us t o  evaluate the  d i r e c t  and indi rec t  e f fec t s  (both within and 
between a l l  indubtries i n  the economy) of policy changes on resource 
use, employment, production costs  , investments, income, and waste 
discharges. 
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APPLICATION OF ADVANCED SIGNAL PROCESSING TECHNIQUES TO THE 
RECTIFICATION AND REGISTRATION OF SPACEBORNE IMAGERY 

R.H. Caron, S.S. Rifman, K.W. Simon 
I . INTRODUCTION 

The volume o f  spaceborne imagery generated i n  recent  years has 
reached s tagger ing propor t ions.  For example, as of March 1974 the 
EROS Data Center had i n  i t s  holdings approximately 400,000 frames, 
cons is t ing  o f  6000 Apo l lo  and Gemini photographs ( w i t h  near ly  
2,000,000 more expected), 19,000 frames of Skylab iniagery and 
373,000 frames o f  ERTS-1 data ( inc reas ing  a t  the r a t e  o f  12,000/ 
month). NOAA, ATS, NIMBUS, and TIROS have a l so  re turned vast amounts 
of data, and the p ro jec ted  EOS spacecraft  i s  expected t o  r e tu rn  data 
a t  approximately seven times the r a t e  of ERTS. I t  i s  there fo re  
reasonable t o  i n q u i r e  whether the data generated thus f a r  i s  being 
u t i  1 i zed  e f f e c t i v e l y ;  and, indeed, i s  the  spaceborne image processing 
technology growing a t  a r a t e  commensurate w i t h  p ro jec ted  demands? 

Although these quest ions are the sub jec t  o f  much debate (see, 
f o r  example, Reference 1 ) , one point -o f -v iew i s  ga in ing  un iversa l  ac- 
ceptance, v i z .  t h a t  cos t -e f f ec t i ve  image processing systems ana tech- 
niques a re  sore ly  needed t o  s a t i s f y  the requirements of the wide 
range of users who expect t o  b e n e f i t  from spaceborne imagery. To meet 
the challenge o f  developing systems and techniques w i t h  d iverse ap- 
p l i c a b i l i t y ,  i t  i s  f i r s t  necessary t o  apprec ia te  the  i n t e r e s t s  re -  
f l ec ted  by the user comnunity .and the requirements they impose. 
General l y  speaking, user requirements d i v i d e  i n t o  two categories, 
c o r r e c t i v e  and i n t e r p r e t i v e .  Cartographers and others  i n te res ted  i n  
accurate mensuration work need p rec i s i on  geometric co r rec t i on  o f  bu lk  
(down1 inked) data; urban planners, demographers, agronomists, etc. ,  
may a d d i t i o n a l l y  r equ i re  data f o r  a given reg ion t o  be reg is te red  
s p a t i a l l y  from pass t o  pass so as t o  f a c i i i t a t e  chanqe de tec t ion  
analysis;  and those invo lved  i n  the  design and management o f  environmental 
systems, as we1 1 as the petroleum and mineral  exp lo ra t ion  companies, 
requ i re  i n t e r p r e t i v e  a ids  such as mu1 t i s p e c t r a l  c l a s s i f i e r s  t o  gener- 
a te  thematic maps, 

This paper discusses TRW's approach t o  the  development of an 
EfiTS/MSS image processing system responsive t o  the needs o f  the user 
comnuni t y .  An overview of the TRW ERTS/MSS Processor i s  presented, 
fol lowed by a more d e t a i l e d  d iscuss ion o f  c e r t a i n  image processing 
funct ions s a t i s f i e d  by the system. The p a r t i c u l a r  func t ions  chosen 
fo r  discussion share the  comnonal i t y  o f  having evolved from advanced 
s ignal  processing techniques rooted i n  the areas o f  comnunication and 
con t ro l .  These examples show how c l ass i ca l  aerospace technology can 
be t r ans fe r red  t o  so lve  the  more contemporary problems con f ron t ing  
the users o f  spaceborne imagery. 

I I. OVERVIEW OF AN ERTS/MSS IMAGE FROCESSOR 

The image processing func t ions  responsive t o  the  requirements 
out1 ined above a re  shown i n  F igure 1 i n  the context  o f  an ERTS/MSS 
processor. The p r i n c i p a l  features o f  t h i s  system inc lude:  i n p u t  
data re fo rmat t ing  (and rad iomet r i c  c a l i b r a t i o n ,  i f  requi red)  onto a 
mass storage device; geometric r e c t i f i c a t i o n  and/or r e g i s t r a t i o n ;  
i n t e r p r c t i  ve processing; and output  product generation. 





dul  k ERTS/MSS imagery i s  a v a i l a b l e  from the  EROS Data Center 
on Computer Compatible Tapes (CCT's) i n  a d i g i t a l  , band-interlec,ed 
format. Each MSS image, cons i s t i ng  of four images (each correspond- 
i n g  t o  a p a r t i c u l a r  spec t ra l  band), i s  d i v i ded  i n t o  f ou r  swaths run- 
n i ng  the  l eng th  o f  the  imagery, each swath s to red  on one ree l  o f  mag- 
n e t i c  tape. The i n p u t  r e fo rma t t i ng  process i n  F igure I accepts the 
CCT's, converts the  imagery t o  a band-sequential format and s tores 
the  r e s u l t  on a mass s torage device.  *A separate process no t  shown 
i n  F igure 1 removes r e p l  i ca ted  p i x e l s  which NASA inc ludes t o  make 
a standard l i ne - l eng th .  I t  has been found t h a t  p r e c i s i c n  change de- 
t e c t i o n  i s  n o t  poss ib le  us ing p i x e l - r e p l i c a t e d  imagery due t o  t he  band- 
i n g  t h a t  r e s u l t s  when r e p l i c a t i o n  occurs i n  d i f f e r e n t  l oca t i ons  i n  d i f -  
l ferent spacecra f t  passes. 

The geometric r e c t i f i c a t i o n  process co r rec t s  the  var ious d i s -  
t o r t i o n s  present i n  t he  bu l k  MSS imagery. These d i s t o r t i o n s  r e s u l t  
from: 

o F luc tua t ions  i n  spacecraf t  a t t i t u d e  and ephemeris dur ing  
image scan 

o Ear th  r o t a t i o n  dur ing  image scan 

o Scan n o n l i n e a r i t y  i n  t he  MSS mechanism 

o Sensor sampling comnutation skew 

o L i n e  l eng th  c o r r e c t i o n  by rneans o f  p i x e l  r ep l  i c a t i o n  dur-  
i n g  CCT generat ion 

Closely a l l i e d  t o  the  r e c t i f i c a t i o n  process i s  a v a r i a t i o n  termed 
r e g i s t r a t i o n  wherein t he  imagery r e s u l t i n g  from one spacecraf t  pass 
i s  co r rec ted  t o  a g r i d  so t h a t  p i x e l s  i n  t h e  cor rected image over lay  
corresponding p i x e l s  i n  t he  r e c t i f i e d  image o f  another pass. 

To geomet r i ca l l y  r e c t i f y  image data o r  b r i n g  i t  i n t o  s p a t i a l  
r e g i s t r a t i o n  w i t h  anoCher (reference; image i t  i s  necessary t o  e s t i -  
mate, model, and c o r r e c t  the  image d i s t o r t i o n .  Each step must be 
accomplished w i t h  f r a c t i o n a l  p i x e l  accuracy, o r  e l s e  t he  r e s u l t a n t  
"cor rected"  image w i l l  con ta in  e r r o r s  l a r g e  enough t o  1 i m i t  i t s  use- 
fulness, p a r t i c u l a r l y  so i n  t he  case o f  r e g i s t r a t i o n .  D i s t o r t i o n  
es t imat ion  invo lves  t he  use o f  dynamic models o f  the  ;RTS/MSS sys- 
tem i n  con junc t ion  w i t h  a r ecu rs i ve  es t imato r  t o  so lve f o r  a mean- 
square-sense opt imal est imate o f  t he  combined e f f ec t s  o f  a t t i t u d e  
angles and ra tes  and ephemeris measurement e r ro r s .  D i s t o r t i o n  
model l ing i s  achieved by p a r t i t i o n i n g  t he  bu lk  image i n t o  a r e l a t i v e l y  
few ( <  100)contiguous, rec tangu la r  blocks.  Then through an i t e r a t i v e  
computational technique, a b i  1 i nea r  d i s t o r t i o n  model i s  generated f o r  
each o f  t he  p a r t i t i o n  b 1 0 c k s . ~  The c o r r e c t i o n  process employs the  
d i s t o r t i o n  model t o  determine t he  p i x e l  values a t  each des i red  p i x e l  
l o c a t i o n  i n  t he  cor rected image. Th is  l a t t e r  process, termed image 

- 
A p i x e l  ( p i c t u r e  element) represents a s i n g l e  sample o f  sensor data 
and, i n  the  case o f  the  ERTSIMSS system, corresponds t o  a square 
instantaneous f i e l d - o f - v i e w  o f  80 meters on a s ide.  One spec t ra l  
band o f  bu lk  ERTS/MSS imagery conta ins more than 7 m i l  1 i o n  p i x e l s .  



resampl i n g  o r  i n t e rpo la t i on ,  i nhe ren t l y  produces a d i g i t a l  cu t p u t  
image, which can be used t o  generate the  corrected image hardcopy. 

The image processing system i n  F igure 1 has been .;osigned t o  
inc lude  a number o f  i n t e r p r e t i v e  operat ions: supervlr L . ~ : - i  unsuper- 
v ised mu1 t i s p e c t r a l  c l a s s i f i c a t i o n  ( i n c l u d i n g  thematic map generat ion) ; 
change de tec t ion  us ing reg i s te red  imagery; and border f o l  lowing. " 
I n  a d d i t i o n  t o  these major funct ions, the system supports a host  
o f  a u x i l i a r y  operat ions such as generat ion o f  image s t a t i s t i c s ,  con- 
t r a s t  enhancement, edge detect ion,  magni f icat ion,  spect ra l  r a t i o i n g ,  
spa t i a l  f i l t e r i n g  and c o l o r  dens i t y  s l i c i n g .  

I t  should be noted t h a t  TRW has implemented a l l  o f  the proces- 
s i ng  c a p a b i l i t i e s  descr ibed above us ing  h i gh l y  e f f i c i e n t  a lgor i thms 
i n  the context  o f  a cos t -e f f ec t i ve ,  minicomputer-based hardware 
conf igurat ion.  Much o f  the  associated software has evolved through 
the app l i ca t i on  o f  advanced s igna l  processing techniques t o  meet 
the chal lenge o f  s t r i n g e n t  image processing requirements s e t  f o r t h  
i n  the o r i g i n a l  design. Examples o f  t h i s  t r a n s f e r  o f  technology 
a re  the  subject  o f  the  next  sect ion.  

I I I. TECHNIQUES APPLIED TO IMAGE RECTIFICATION AND REGISTRATION .- 

A. Optimal Est imat ion 

Uncer ta in t ies  i n  s a t e l l i t e  a t t i t u d e  and a l t i t u d e  t r a n s l a t e  i n -  
t o  p o s i t i o n  es t imat ion  e r r o r s  when one attempts t o  g r i d  a s p a c e b ~ r ~ e  
o p t i c a l  scanner image, i .e., s t a b 1  i sh a corresponc !rice between : n t s  
i n  the image and t h e i r  counterpar ts  i n  a p lanar  map p r o j e c t i o n  such 
as Universal  Transverse Mercator. I nves t i ga to r s  using the bu lk  image 
annotat ion data associated w i t h  c e r t a i n  ERTS scenes have observed 
p o s i t i o n  est imat ion e r r o r s  as l a r g e  as 5  kilometer^.^ MSS scene 
1080-15192 o f  the  B a l t  ,,~ore/Washington area and the associated Bulk 
Image Annotat ion Tape 1085-46 p rov ide  a case i n  po in t .  Thus, i t  i s  
apparent t h a t  an a t t i t u d e  t ime-ser ies,  f o r  example, der ived s o l e l y  
from a t t i t u d e  sampled-data on a BIAT i s  inadequate f o r  p r o j e c t i n g  
an o p t i c a l l y  scanned image i n t o  a map system. Clear ly ,  some means 
t o  ob ta i n  a more r e f i n e d  est imate i s  required. 

When faced w i t h  a problem i n  which c e r t a i n  parameters e x h i b i t  
unacceptable uncer ta in t ies ,  the f i r s t  step i s  t o  see i f  some ad- 
d i  t i o n a l  in fo rmat ion  (dependent upon the  parameters) can be u t i  1 i zed 
t o  reduce the  uncer ta in ty .  The a c t  o f  reducing psrameter unce r ta i n t y  
i n  t h i s  fash ion i s  c a l l e d  es t imat ion  and invo lves the use of  a 
mathematical cons t ruc t  ca l  l e d  an est imator .  One type o f  esti,;lator-- 
the d i  screte-t ime, sequent ial  es t imato r - - i s  descr ibed by an equat ion 
o f  the form 

* * 

- f ( a ) l  , = &  +Ak+l [&+l  - 
where 

r = f(x) 
i s  an observat ion dependent upon the  parameter x; + i s  the ( k + l )  - s t  
observat ion; & i s  the k - t h  est imate o f  x (based upon the I( preceding 
observat ions) ; and Ak+l i s  a?.! opt imal weight ing ma t r i x .  The estima- 
t i o n  equat ion enables one t o  update the cu r ren t  est imate o f  the  para- 
meter - x by t ak i ng  i n t o  account the e r r o r  between a new observat ion, 



, and the  p r o j e c t e d  va lue  o f  t h e  observat ion ,  f(s), "se t  u w n  
#fi:'c*:rent es t ima te  i+. 

TRLJ has appl  i e d  t h e  conceot o f  d i s c r e t e - t i m e ,  s e u u e n t i i l  pdrd-  
meter e s t i m a t i o n  t o  t h e  problem o f  reduc ing unce r ta in t i ec ,  i r-I the  
a t t i  t u d e / a l  t i t u d e - b i a s  t ime-se r ies  assoc ia ted w i  t n  each frame o f  
ERTS/MSS imagery,  The a d d i t i o n a l  i n f o r n ~ a t  i o n  r ~ q u i r e d  t o  update the  
e s t i m a t o r  a r e  p o i n t s  i n  t h e  image w i t h  geodet ic  c o n t r o l ,  i .e., 
p o i n t s  f o r  which t h e  geodet ic  l a t i t u d e ,  l o n y i  tude, and e l e v a t i o n  
a r e  known. E s s e n t i a l  t o  the  e s t i m a t i o n  precess i s  t h e  l o c a t i o r l  o f  
t h e  c o n t r o l  p o i n t s  i n  t h e  image. Cur rent  tecnciques i n c l u d e  manual 
d e s i g n a t i o n  on a  CRT d i s p l a y  u s i n g  a  t r a c k - b a l l  c u r s o r  irnd s e ~ ~ ~ i -  
automat ic d e s i g n a t i o n  v i ?  an op t im ized  sequen t ia l  s i l n i l d r i t y  detec-  
t i o n  a i g o r i t h m  (SSDA); Lons ide r i l l g  t h a t  orle p i x e l  accuracy i s  a t - ,  
t a i n a b l e  by e i t h e r  o f  these methods, i t  f o l l o w s  t h a t  pus i  t i011  E L ~ ~ I I I C  - 
t i o n  e r r o r  on t h e  ordc.  o f  80 l ~ i s t e r s  can be achieved w i  t k  p r e c i b i ~ l :  
geodet ic  c o n t r o l  p o i n t s .  

Posi t i o n  es t i~ ; . ,+ t ion  perforaldrice u s i l l y  t he  'I RW d t t i  tude/  
a l t i t u d e - b i a s  t i m e - s e r i e s  es t i n ia to r  i s  sunx~:drized i n  F igu re  2 .  'Ti!e , . 
p l o t s  shobrn were obtd i r led  by rucn ing  t h e  e s t i r ~ l a t o r  w i t h  k = l  ,;', . . , i u  
observat ions .  A f t e r  t h e  k - t h  obse rva t i on ,  t h e  r3esu: tant  es t ima tc  
x .  was used t o  cotnpute t h e  p o s i t i o n  e s t i n ~ a t i o r ~  e r r o r  f o r  each u f  t h e  d c o n t r o l  p o i n t s .  From t h i s  sample o f  s i z e  15, a  mean and s tdndard  
d e v i a t i o n  were computed. T h i s  process was repeated f o r  k;1,2,.  . , i u  
t o  o b t a i n  thC  p l o t s  o f  F i g u r e  2 .  Wotice t h a t  t h e  e r r o r  a f t e r  t h r e e  
c o n t r o l  p o i n t s  approacnes t h e  80 rneters r e s o l u t i o n a l  capabi 1  i t y  of  
an ERTS/MSS d e t e c t o r .  The s tandard  d e v i a t i o n  cu rve  o f  F i g u r e  i i~ 
asymptot ic  t o  30 meters, a  va lue  determined by t h e  u n c e r t a i n t j  ds- 
c r i b a b l e  t o  each o f  t h e  p r e c i z i o n  c o n t r o l  p i n t s .  

13. Signa l  Reconst ruc t ion  

Once op t ima l  es t ima tes  f o r  parameters exh i  b i t  ~ n g  h i g h  a p r i o t i  
u n c e r t a i n t i e s  a r c  obta ined,  a  d i s t o r t i o n  (warp) f u n c t i o n  can be 
generated. Th is  f u n c t i o n  i s  e s s e n t i a l  lj a b i j e c t i v e  mapping betwct>ll 
t h e  b u l k  (unco r rec ted )  image and t h e  c o r r e c t e d  image. T3 u t i l i z e  
t h e  d i s t o r t i o r l  f u n c t i o n  t o  reconst r -uc t  an ERTS scene, it, Lecornes 
necessary t o  generate image data  a t  p i x e l  l o c a t i o n s  o i ~ l e r  than the  * sampl ing l o c a t i o n s  o f  t h e  b u l k  image. There a r e  two ways t o  a c -  
compl ish  t h i s :  

1) Mcve t h e  sanipled p i x e l s  around, ( e . y . ,  EBR bean! p o s i t i o n  
m o o r l a t i o n )  ; 

2 )  I n t e r p o l a t e  t h e  d e s i r e d  p i x e l  values f rom t h e  b u l k  image 
p i x e l  l o c a t i o n s .  

TP.W has enlployed the  l d t t e r  process, which i n  c o n t r a s t  t o  t h e  
former produces a  d i g ;  t ~ 1  data  st ream as t h e  o u t p u t  product .  The 
i n p u t  t o  t h e  resanlp l iny process c o n s i s t s  cjf a  s e t  c ~ f  d i s t o r t i o n  

-- * 
Remember th i r t  t ne  b u l k  image i s  d digitized v e r s i o n  o f  t h e  dridioy 
image seen by t h e  MSS d e t e c t o r s .  





coe f f i c i en ts  f o r  each o f  the  image p a r t i t i o n  blocks and the re -  
formatted bulk  image data. Conceptual l y ,  the process consists c:f 
reconstruct ing i n  i t s  e n t i r e t y  the corrected ( r e c t i f i e d )  image and 
 the^ resampl i ng  i t s  i n t e n s i t y  values a t  predesignated posi t ions 
w i t h i n  the bulk image. The power o f  the resampl i ng  method becctces 
c lea r  when i t  i s  rea l i zed tha t  complete f l e x i b i l i t y  i s  afforded i n  
the matter o f  p i xe l  spacings and 1 i n e  spacings, thus making p c ~ s s i b l e  
the custoni t a i l o r i n g  o f  the corrected image t o  any aypl i c a t i o n  a11d1 
o r  hardware constraints.  

The reconstruct ion process i s  implemented by appeal t o  a 
general izat ion o f  Shannon's sampling theoren.? I n  1949, C.E.  Shantion 
showed tha t  a funct ion whose Fobr ier  transfonn i s  zero above some 
frequency bc can be reconstructed from a countably i n f i n i t e  number 
of equal ly  d i s t a n t  samples prov id ing t h a t  the space between sasples 
does not  exceed :/L,. This concept o f  s ignal reconstruct ion gener- 
a l i zes  t o  two-dimensional, single-valued funct ions (e.g., images) 
whose Four ier  transform i s  n u l l  outs ide some bounded region o f  the 
transform domain. More p a r t i c u l a r l y ,  i f  the funct ion f (x,y) !:as 
a Four ier  transform which i s  n u l l  outside a rectangle w i th  sides 
2a and 2b, then 

m m 

and B i s  a region i n  the transform domain encompassed by the rectangle 
and encompassing the support o f  the transform o f  f. 

I n  the context o f  image reconstruct ion, the sampled data .f(nc,md)! 
consists o f  the p i x e l  i n t e n s i t i e s  i n  one spectral  band of the bulk 
MSS imagery. I n  pract ice,  i t  i s  impossible t o  consider an i n f i n i t e  
number o f  samples so the i n f i n i t e  summations above are approxin~ated 
by f i n i t e  summations. Furthermore, t o  minimize processing time i t  
i s  necessary t o  u t i l i z e  an approximation t o  the optimal resampling 
kernel, k ~ .  Three kernel s corresponding t o  nearest-neighbor i n t e r -  
polat ion, b i l i n e a r  i n te rpo la t i on  and TRW's Cubic Convolution Process 
are shown i n  Figure 3 f o r  one dimension. I n  the idea l  band-l imited 
case f ( x )  i s  o f  the form sinx/x, which TRW has approximated by the 
cubic sp l ine  funct ion o f  Figure 3C. Examples o f  imagery produced 
by the three processes are shown i n  Figure 4: the  bulk image if; 
the upper l e f t ,  and the  processed image using nearest-neighbor 
i n te rpo la t i on  (upper r i g h t ) ,  b i l  inear i n te rpo la t i on  (lower r i g h t ) ,  
and TRW's Cubic Convolutiofi Process (lower l e f t )  .* Note the many 
one-pixel d i scon t i nu i t i es  cha rac te r i s t i c  o f  nearest-neighbor i n t e r -  
polat ion, p a r t i c u l a r l y  evident f o r  the road i n te rsec t i on  i n  the upper 

* 
This f i g u r e  was produced from e l e c t r o s t a t i c  1 i n e  p r i n t e r  output.  
Each p i x e l  i s  represented by a 3x3 dot  matr ix ;  thus, ten gray 
leve ls  are p o s w l e .  



a. Nearest-Neighbor 

- 2 - 1 0 1 2 X 

b. B i l i n e a r  

c. Cubic Convolution 

Figure 3. Interpolat ion Kernels i n  One Dimension 



Figure 4. Rect ; f i e d  Image D e t a i l  f o r  Three l n t e r p o  l a t i o n  Kerne ls  



l e f t  corner o f  the processed iniage. t 3 i  1 i r ~ e a r  i t ~ t e r p u l d t i u l l ,  011 tht: 
o t he r  hand, e l im ina tes  these d l  scon t inu i  t i e s ,  a t  the expense o f  i i l ~ d ~ e  
reso lu t i on .  F i na l  l y ,  the  image processed by the  Cubic Convcl L t i o n  
Process shows none o f  the  nearest-neighbor irndye d i  scon t i  ~ ; u i  t i e s ,  
and no l oss  o f  r eso lu t i on .  

C.  Signal  Co r re l a t i on  - 

For t he  purpose of getmetr ic  co r rec t i on ,  i t  i s  s u f f i c i e n t  t o  
mainta in  geodet ic c o n t r o l  t o  t he  accuracy o f  one p i x e l .  As men- 
t i oned  above, t h i s  requirement i s  a t t a i n a b l e  us ing geodet ic con t ro l  
po i n t s  (GCP's) whose geodet ic pos i t i ons  a re  known w i t h  30 meter un- 
c e r t a i n t y  and whose image l oca t i ons  a re  spec i f i ab l e  t o  2 1/2 p i x e l .  
On t he  o the r  hand, r e g i s t r a t i o n  app l i ca t i ons  r equ i r e  CP p o s i t i o n  un- 
c e r t a i n t y  below 10 meters and the  a b i l i t y  t o  l oca te  a  CP i n  the 
image w i t h  + 1/8  p i x e l  uncer ta in ty .  These more s t r i n g e n t  requ i re -  
ments a re  arhieved w i t h i n  t he  con tex t  o f  the image processing sys- 
tem i n  F igure  1  by making use o f  the  r e g i s t r a t i o n  con t ro l  p o i n t  
(RCP) concept and the processing technique knowc as RCP c o r r e l a t i o n .  

The l o c a t i o n  o f  GCP's a re  determined by re ference t o  maps dnd 
are spec i f i ed  i n  earth-centered r o t a t i n g  coordinates o r  t h e i r  
equ iva lent .  GCP l o c a t i o n  accuracy i s  l i m i t e d  by knowledye crf t h c i r  
exact coordinates,  inadequate s p e c i f i c a t i o n  of the exact p o i n t  t o  
which t he  coordinates apply, and the accuracy o f  c o r r e l a t i n g  the  
image represen ta t ion  o f  t he  p o i n t  w i t h  i t s  map representat ion.  On 
the o the r  hand, t he  l oca t i ons  o f  RCP's a re  spec i f i ed  by p r o j e c t i n g  
t h e i r  image designat ions i n t o  an appropr ia te  geocent r ic  coord inate 
system us ing  the  opt imal a t t i  tude/a l  t i t ude -b i as  estimates obta ined 
dur ing  r e c t i f i c a t i o n  o f  t he  image. Simultaneously , image segments 
con ta in ing  t he  RCP's a re  ex t rac ted  and saved i n  a l i b r a r y  f o r  co r -  
re1 a t i o n  w i t h  corresponding image segments i n  1  a t e r  spacecra f t  
passes. RCP des ignat iun unce r t a i n t y  i n  imagery o f  a subsequent 
pass i s  d i c t a t e d  exc l us i ve l y  by the  c o r r e l a t i o n  process used, s ince 
the  RCP p o s i t i o n  i n  t he  re ference scene i s  p rec i se l y  spec i f i ed .  

Two methods of RCP c o r r e l a t i o n  have been employed by TRW w i  t h  
g rea t  success: ( 1 )  the manual f l i c k e r  mode; and ( 2 )  t he  semi- 
automatic SSDA mode. Both methods use the  Cubic Convolut ion Pro- 
cess t o  zoom RCP i m ~ g e  segments t o  a  s i z e  s u i t a b l e  t o  the  accuracy 
desired. The f l i c k e r  mode a1 lows an operator  t o  t r a n s l a t e  the  
zoomed comparison image over the  zoomed re ference image u n t i l  bo th  
a l i gn .  Al ignment i s  discerned by f l i c k e r i n g  between the two chan- 
ne ls  of a  CRT d i sp l ay  i n  which the images a re  s tored.  The SSDA 
mode makes use o f  an automatic t r a n s l a t i o n a l  technique which 
chooses the "best  al ignment" as t h a t  i n  which the sum o f  absolu te  
p i x e l  i ntens i  t y  d i f fe rences  between comparison and re ference 
images i s  a  minimum. Work i s  c u r r e n t l y  underway t o  develop a f u l  l y  
automatic RCP c o r r e l a t i o n  a1 g o r i  thm which does no t  r e q u i r e  operator  
i n t e r ven t i on .  



I V. CONCLUSION 

C r i t i c a l l y  impor tant  t o  t he  u t i  1  i ty of spaceborne image data 
i s  the need f o r  p rec i s i on  co r rec t i on  and s p a t i a l  r e g i s t r a t i o n ,  on 
the one hand, completnented by a r e p e r t o i r e  o f  i n t e r p r e t a t i o n  tech- 
niques on the o ther .  I t  has been shown how s ignal  p r ~ c e s s i n g  tech-  
niques which o r i g i  tlal l y  evolved i n  the  d i s c i p l i n e s  o f  comnunication 
and con t ro l  have been app l ied  t o  s a t i s f y  the image co r rec t i on  re -  
quirements o f  a  d ive rse  user comnunity. I n  the same sense, i n t e r -  
p r e t i v e  processing stands t o  b e n e f i t  from a s i n i l a r  t ransfer  o f  
technology. The i n t e r p r e t a t i o n  o f  spect ra l  s ignatures as fuzzy 
se ts  and the a p p l i c a t i o n  o f  t h e  Karhunen-Loeve t rans fo rna t ion  f o r  
the  purpose o f  image enhancement and data compression a re  bu t  two 
examples, no t  addressed i n  t h i s  paper, which exemplify t h i s  cmcept .  
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"THE CHALLENGES OF TECHNOLOGY TRAN".:.d'I?" 
John N. Hazelwood 

I am happy to have the opportunity to talk to you today 
on the subject of Technology Transfer. Although as a patent 
attorney I am particularly interested in the proprietary aspects 
of technology, my comments here will be primarily directed to 
observations from my own experience in aerospace and in industry, 
which may point to some of the challenges in accomplishing 
technology transfer. And I am thinking in particular of the 
position of industry seeking technology through the media of 
technology searches. 

Most of us have heard of the NIH or not-invented-here 
syndrome. People are frequently reluctant to use the work of 
others. This reluctance seems to increase, the further removed 
a new concept is from the originator and the particular problem 
solved by him. This applies too where technology envisions new 
horizons and the prospective users must open their perspective 
to see the market possibilities through the eyes of others. 
Yesterday Tim Murphy aptly mentioned the fresh outlook provided 
by aerospace technology. This is desirable and qood. But it's 
tough to sell. Those fellows on the firing line like the familiar 
and proven. The mere fact that technology is new, or indeed 
that it is patented, is no per se assurance that it will be 
successfully utilized. The records are full of excellent 
technology and inventions which have for one reason or another 
not taken hold. It may be a matter of cost, non-availability 
of start-up capital, market timing, poor business judgment or 
other reason. But the picture may change. Technology has moving 
targets. For instance, the energy situation has put a new 
perspective upon extraction and use of our energy resources. A 
number of speakers have illustrated tl,is and the part technology 
can play. John Hiltabiddle interfacing a "Variflux" steam 
generator with a 1317 steam turbine installation. Paul Purser 
in petroleum operations. Butch Voris and Bill Shicnick with 
respect to Alyeska. Tim Murphy also brought the message down 
to earth and close to home in candidly pointing up Grumman's 
program of energy conservation and use. Look at coal. It has 
gone from fairly recent lows aroung $5 - $6/Ton to the vicinity 
of $10 and over $20 in the energy crunch. Latent art may now 
be attractive. But mere availability in the literature is not 
the key. 

We've got to penetrate that literature. An engineer in 
general industry faced with a technical problem wishes to quickly 
tind efficiently locate, analyze and apply technology to solve 
his problem. Research, marketing and sales people too, want to 
translate technology and the vision of others to the enhancement 
and creation of markets and better satisfaction of customer 



requirements. And, management of the cost conscious potential 
user wants to accomplish this analytical route quickly and 
efficiently vrithout unnecessary doubling up. All are faced 
with the problem of translating from the environment which 
generated the original technology to their own particular 
situation, which may differ considerably from that of the 
originator. The potential users may, and often do, lack a 
specialized engineering staff, laboratory and test facilities, 
production machinery and tooling, or other important implemen- 
tation tools. They don't have a person from aerospace familiar 
with the technology working at their elbow, instructing and 
selling its merits. 

I'd like to look at this gap between origin and industry 
use. Let's focus upon the nature of the environment which 
typically spawns the bulk of new technology; it's generally 
aerospace-oriented or at least characterized by a very high 
engineering content, with performa~,:e rather than cost frequently 
the major governing criteria. Systems are fail safe and redundant. 
Not that cost isn't considered. We're aware of value engineering, 
zero defects, suggestion programs and the like which, in addition 
to program monitoring, review and planning, are devoted to 
keeping program costs in line. However, resultant technology 
is often far removed from the cost constraints of cvmmercial 
and industrial markets where return on investment and profit- 
ability are key criteria. 

The large aerospace manufacturer will frequently employ 
many engineers on a major project. Hundreds of sheets of 
drawings, specifications, test reports, and all sorts of related 
documents and reports will flow from such a project, reflecting 
the most sophisticated of space age techniques and support 
capabilities. Whether it's airframe or life suppqrt or other 
system, the project frequently is day-to-day pushing the art to 
its utmost and is staffed by specialists in numerous disciplines. 
Orchestration is frequently provided by ASPR, NASA or other regs 
in great detail. CPFF contracts are a major tool since the 
project is shooting for targets not assuredly within reach. 

I would like to contrast this with a small manufacturer 
with whon I once worked in private practice. He manufactured 
and sold equipment for harvesting a wide variety of agricultural 
crops. Once I was preparing a patent application on one of his 
units which had gone from customer requirement to field use in 
less than six months. I asked one of the engineers for drawings 
which I could use in assisting our patent draftsmen and myself 
in making up a suitable patent application. He took me to a 
corner of the shop and pointed to some chalk marks on the floor 
showing sprocket and chain layouts and a few other details and 
indicated that was it! With them you'd better bring your czinera! 
If they needed additional chassis strength they would put in another 
I-beam. The cqsts would be greater than that of the added 



structure were they to thoroughly analyze alternatives. And 
test facilities and sophisticated design and test techniques 
weren't available to them anyhow! This is in stark contrast 
with the aerospace manufacturer who will analyze structural and 
equipment changes in his aircraft with the utmost precision, 
wringing the last bit of performance and fail-safe reliability 
out of each change. Admittedly these two organizations are at 
opposite ends of the spectrum of potential technology users or 
originators. Obviously that small manufacturer could not stand 
the heavy cost burden of the aerospace manufacturer if he's to 
market his product. He'd probably never even heard of ASPR. 
Similarly, the put-in-another-I-beam approach would see the 
aerospace manufacturer in early difficulty. Certainly industry 
is frequently better equipped and staffed than the small man- 
ufacturer which I mention. But the point is there. The companies 
are poles apart in their technological capabilities and their 
production techniques. Each company is doing an effective job 
in its own way in meeting the demands of its particular market. 
Incidentally, that small manufacturer has now grown to become 
the division of a major corporation and now produces ground 
equipment which services the wide-bodied commercial jets of a 
leading aerospace company. No doubt they're much more concerned 
with drawings, releases, tests, and a multitude of other require- 
inents than they were in those early days. And, I'm sure their 
production capabilities have progressed apace. 

We have to bridge this big gap and provide the visibility 
and vision to translate technology to meeting today's problems 
across the entire spectrum of industry if possible. This calls 
for people familiar, not only with the particular technology 
involved, but tL--ly aware of the needs of industry and the 
substantial differences there existing, at the particular oper- 
ating or implementing level. This is the challenge to the 
technology disseminator in government. Here I'd like to reference 
the EPA program discussed by Ken Suter. EPA has been able by 
virtue of its charter to home in on the target audience and their 
problems. It's important that we do the same in the big picture 
to the extent possible in giving searches real, present value at 
the operating level--always looking at the practical side. We 
must give real life to those computer readouts and reduce to 
usable dimension what may otherwise constitute numerous impracti- 
caile solutions to t'-e user's current problems or his potential 
market horizons. But the technology disseminator can't know all 
the potential user's limitations either. The user must have 
at hand motivated people who are aware of the technology resource, 
its strengths and limitations, and must closely work with the 
disseminator in bringing the most pertinent information to bear 
upon his engineering or marketing needs. He's got to know what 
he can realistically expect from technology. 

If possible, the user and the disseminator should narrow 
the field of search to produce results compatible with the user's 



capabilities. This isn't easy and will require a good deal of 
close coordination and understanding at both ends. Unfortunately, 
the potential for generation of unproductive paperwork is never- 
theless with us. It is inevitable that a good deal of technology 
documentation will be turned up which will bc reviewed and 
discarded by the user. Obviously he wants options and a chance 
for a fresh look, so he wants some of this. But it is essential 
that the search results not produce so much paper as to dis- 
courage him from analyzing and pursuing the solutions turned 
up by the search. This appears to be the bottleneck to real 
technology utilization at the operating level: Getting the 
engineers and others to really dig into search art. Of course, 
the user's management not only wishes to cut through to the core 
as quickly as possible and utilize the technology, but insofar 
as possible wishes to extend it ro solve like problems else- 
where in the organization. They don't want to traverse the 
same search and analysis path twice if they have once reached 
a satisfactory result. 

If the potential technology solution iJvolves esoteric high 
cost materials, processes, or tools not available to the potential 
user, the feasibility of substitute means must be considered, 
versus resort to more conventional alternatives not stemming 
from the technology search. Personal rapport between dissemina'or 
a ~ d  user can assist here. In fact, this person-to-person contact 
appears to be a real key, particularly where there is relatively 
limited time available to reach a problem solution. Jim Meechan 
mentioned that Rcckwell International's technology transfer 
program moves skilled specialists into areas of need. In fact, 
he cites people transfer as essential to their program. We can, 
then, see the problem if person-to-person contact, devoid of 
people transfer, must be accomplished at long range, as is 
generally the case in working with regional Industrial Applications 
Centers. 

It seems evident that the problem of the user must be 
significant or the market potential substantial to merit extensive 
abstract review and screening, which, of course, jast starts a 
process which hopefully sees the potential user ordering and 
reviewing papers disclosing the abstracted content in detail. 
I think it is evident that at least in the problem-solving 
aspect of technology use there will be a cutoff point of pro- 
spective utility and the orgai '.zational level where technology 
searches will have value. Dellvery commitments and turnaround 
time will often be critical and impose severe restraints. But, 
I think we can enlarge this scope of potential use through 
educational programs as mentioned by Butch Voris. We've got 
to let the engineers know how to effectively use the system. And 
close the loop to let NASA and others know how it can be improved. 

So we reca7nize that technology transfer presents challenges. 
Certainly this is nothing new to NASA. When faced with a goal 



of placing man on the moon, it met that challenge, pushing to the 
forefront in advancing many arts. Already we have seen encouraging 
results which demonstrate the potential of NASA's technology, the 
hecrt pacemaker, non-ferrous metal recovery, and application of 
fuel cell technology to electric utility power production. 
Jeffrey Hamilton in his presentation ye~terday mentioned these 
and others. The work of the Lewis and Ames labs has been touched 
upon by Lyman. Both can be real sources of assistance to industry. 
Lewis from the days of NASA has continued to push the art of 
compressor and turbine design and many of the engines and APU's 
flying today can be traced ti, their work or people coming out 
of that lab. Ames has figured in solving some sticky aerodynamic 
supersonic flow problems. The area rule of Whitcomb has been 
used in key fashion in the F-102, the CV 990 and today accounts 
for the 747 fuselage shape just aft of the upper deck. For a 
good overview of the technology transfer program and results to 
date, I suggest you read ~eil-kuzic's article: You Can Buy 
Research Dollar-s for Pennies, which appears in the August issue 
of Industrial Research and which was mentioned yesterday by Lyman. 

At Dresser we're optimistic concerning the pote~tial for 
Technology transfer in our various product and service lines. 
We're a large organization with over 40,000 people worldwide, 
serving the energy and industrial markets through some 1,200 
products and services. We're devoted to research and development 
which will provide us with pluses over our competition. We have 
a challenge in calling upon this technology resource to assist 
us in such diverse lines as well logging services and oilfield 
products, manufacture of refractory brick and pipeline compressors. 
We have already made use of such technology in the petroleum and 
minerals area, stress analysis and materials makeup. We have 
established technglogy lines of communication and focal points 
for obtaining and analyzing technology for its dissemination to 
other interested segments of our organization. Emphasis is upon 
building familiarity with the technology resource and effecti.vely 
communicating the potential to our technical and market-oriented 
people to make the best use of it. We carry this technology to 
the applications engineering level to accurately pulse customer 
requirements. 

A word about -he role of patents in technology. Patents 
provide the proprietary leg-up which is frequently essential to 
get a project off the ground, particularly where considerable 
development work is envisioned and the results or market are 
speculative. To be of significant value a patent must be enforce- 
able, and its claims must cover the product or service which you 
intend to ~narket. Any license perforce must include these 
considerations. NASA has pursued a policy of patenting items 
which it feels have significant comrr~ercial ~otential. There 
are now understood to be over 3,000 patents available for licensing. 
If considerable risk is envisioned in a developmect relying upon 
Technology as a base, the exclusive license may be a desirable 



avenue. Certainly if the results of one's research and develop- 
ment are to be made freely available to his competitors without 
their taking commensurate risk, investment in such research will 
be considerably in,peded. It's clear t ha t  making inventions or 
technology freely av~tlable ts all is no guarantee of use and, 
indeed, frequently accomplishes the exact opposite. We have d 
real challenge in rec-.lizing the full potential of technology. 
I think it's evident that people-to-people communication lies at 
the heart of our problem. Many in industry do not have people 
LO shift from aerospace disciplines into industry, often no 
easy task in itself. We have numerous potential sol.utions, 
often obscured from visibility by a great deal of documentation 
which is of little practicability in meeting industry's immediate 
needs. Industry will be convinced by demonstrated results. With 
management commitment and education of key camp?; personnel, 
flow down to the implementing level can be accc\.!:ipiished. If 
industry, government agencies and others having technology to 
disseminate or use, ca3 mutually understand the technology 
tools and translate t.o one another's capabilities, we should all 
be able to profit frorr, this national resource. 



(CONCURRENT) 

MEDICAL A M  LIFE SCIENCES, AND 

TRANSPORTAT I O N  AND MATERIALS 



THE PROCESSING AND TRANSMISSION OF EEG DATA 

I n t e r e s t  i n  s leep research has been s t imu la ted  by the d iscovery 
o f  a number of phys io los ica l  changes t h a t  occur dur ing sleep and by 
t he  observed e f f e c t s  o f  sleep on phys ica l  and mental performance and 
status.  The use of the  r e l a t i v e l y  new methods o f  EEG measurement, 
transmission, and .utomatic scorl;,g makes sleep analys is  and cate- 
go r i za t i on  feas jb le .  Sleep research i n v o l a ~ i n g  the use o f  the EEG 
as a fundamental i npu t  has the po ten t i a l  o f  answering many unanswered 
questions i nvo l v i ng  phys ica l  and mental behaviour, drug ef fects,  
c i rcad ian  rhythm, anesthesia, etc.  

I n  addi t ion,  a small system which i s  s p e c i f i c a l l y  programed 
f o r  analys is  o f  the EEG and the  c l a s s i f i c a t i ~ q  o f  the  depth o f  
s leep was used on Pro jec t  Sky1 ab and has many app l i ca t ions  o f  poten- 
t i a l  i n t e r e s t  t o  the c l  i n i c i a n .  These appl i c a t i o n s  inc lude  the 
analys is  o f  par;.,ieters in f luenc ing  insomnia, the  development o f  
prognoses i n  the case of the p a t i e n t  who id comatose due t o  any 
number o f  reasons, the  mon i to r ing  of t o t a l  anesthesia, and the 
eva lua t ion  of the e f fec ts  of drugs and drug dosage on sleep patterns. 

Slecp Analysis Techniques and Method 

Although a number of phys io log ica l  chan es a re  known t o  occur 
dur ing sleep, on ly  the electroencephalogram 9 EEG) has thus f a r  
proven t o  be spec i f i c  enough t o  a l l ow  ob jec t i ve  measurements o f  
s leep t o  be made. More e a s i l y  recorded var iab les;  such as, hear t  
ra te ,  r esp i ra t i on ,  r e s p i r a t i o n  ra te ,  57d blood pressure i n  combina- 
t i ons ,  have been shown t o  c o r r e l a t e  we l l  w i t h  s leep stages as de- 
f i n e d  by EEG c r i t e r i a .  Methods i nvo l v i ng  the  use o f  these var iab les,  
however, have usua l l y  been l i m i t e d  t o  s tud ies o t  normal subjects 
under con t ro l  led 1 aboratory condi t ions.  Under uncon t ro l led  con- 
d i t i ons ,  i n t e r p r e t a t i a n  o f  the r e s u l t s  would be extremely d i f f i c u l t  
because o f  the p o s s i b i l i t y  t h a t  recorded changes might be due t o  
f ac to r s  unre la ted t o  sleep. Heart  r a t e  and/or r esp i ra to r y  ra te ,  f o r  
example, normal ly depressed dur ing  sleep, could be elevated i f  the  
subject  developed a minor i 11 ness, consumed extreme ,,,.aunts o f  food 
o r  a1 coho1 i c  beverages, a r  entered adverse environmental condi t ions 
(e.g., extremes o f  heat o r  co Id, increased COZ l e v e l  ). Also, w i th -  
ou t  the use of an electro-occulogram (EOG) s igna l ,  i t  i s  d i f f i c u l t  
t o  d i s t i n g u i s h  between Rapid Eye Movemect (REM) and o ther  stages o f  
sleep. 

Several techniques f o r  the  automatic processing o f  the  EEG f o r  
depth o f  s l e e ~  1.3ve been attempted. These techniques have inc ludec 
frequency anaf;si s, per iod  analysis,  ampl i tude analys is ,  frequency/ 
vo l tage r a t i o  ana lys is  and combined frequency and ampl i tude ana lys is  
( pa t t e rn  recogn i t ion ) .  Tnese techniques have n o t  y i e l ded  c l a s s i f i -  
ca t i on  i n  exact agreement w i t h  v isua l  record scor ing. Techniques 
which simulate the approach of the e l  ectroencephal ograpqer t o  scor- 
i n g  have been developed and t h e i r  c o r r e l a t i o n  w i t h  v isua l  scor in? 
has proven accurate, bu t  they requ i re  the use o f  large computing 
sys tems . 



The sleep analys is  device developed by Dr. James U. Frost,  Jr. 
o f  Bay lor  College o f  Medicine and Methodist Hospi ta l  i n  Houston 
u t i l i z e s  the  contlnuous decrease i n  average frequency of the EEG 
w i t h  the t ransds t lon  from the waking s t a t e  t o  Stage 4, and the 
accompanying progressive increase o f  the average ampl i tude. Thus, 
the  technique i s  s i m i l a r  t o  t h a t  used by the  electroencephalographer 
i n  the v i i u a l  saor ing o f  s leep stages. The se l f -conta ined sleep . 
analyzer u n i t  i s  extremely small and por tab le  such t h a t  rea l - t ime 
sleep analys is  can be per fomed ou ts ide  o f  the  research laboratory .  
It was chosen by NASA f o r  use on Pro jec t  Skylab, and was used 
successfu l ly  on a I 1  th ree  missions. 

A connercial  vers ion o f  the sleep analyzer was developed us ing 
comnercial pa r t s  and i n d u s t r i a l  qua1 i t y  standards; and, i n  t h i s  case, 
NASA technology was app l ied  i n  the  p u b l i c  dnd p r i v a t e  sector  i n  ad- 
vance o f  i t s  use i n  the space program. Sleep Analyzers are c u r r e n t l y  
i n  use i n  several research l abo ra to r i es  throughout the Uni ted States. 
The product i s  being manufactured us ing NASA patents under a r o$a l t y -  
f ree 1 i cens ing  agreement w i t h  NASA. 

I n  operat ion, the electroencephalographic and e lect ro-occu lo -  
graphic s igna ls  are ampl i f i e d  and passed through bandpass fi 1 te r s .  
These f i l t e r s  are se lected such t h a t  on l y  the data p e r t i n e n t  t o  the 
f ac to r s  r e l a t e d  t o  s leep are ampl i f i ed .  The f i l t e r e d  s igna ls  are 
seised f o r  amplitude and pulses a re  generated and u t i l i z e d  t o  form 
an analog vo l tage p ropor t iona l  t o  sleep. Comparators a w l  d i a i  t a l  
l o g i c  a re  u t i l i z e d  t o  d i v i d e  t h i s  analog o f  s leep i n t o  the  var ious 
stages o f  sleep. I f  the su9ject  i s  i n  e i t h e r  Stage 1 o r  2 and a 
r a p i d  eye movement occurs, the instrument w i l l  i n d i c a t e  stage REM 
f o r  30 seconds unless the subject  i s  awakened. 

Outputs from the respect ive stage i nd i ca to r s  are sunned i n  an 
a m p l i f i e r  and the r e s u l t a n t  output  i s  an analog vo l tage which steps 
i n  amplitude according t o  the  i nd i ca ted  stage. A char t  record ing 
of t h i s  vo l tage provides a record of the l e v e l s  versus time. 

A1 though the sleep analyzers are s t i  11 exc l u s i v e l y  research 
too ls ,  Telecare sees many poss ib le  f u tu re  uses f o r  the device i n  
medical c l  i n ics .  I ledi ca l  researchers have been i n te res ted  i n  using 
the device i n  t r e a t i n g  insomniacs and o ther  p a t i e n t \  exper iencing 
"sleep neuroses." Doctors associated w i t h  several government 
agencies are consider ing s tudy ing the sleep pa t te rns  o f  personnel 
engaged i n  unusual ly s t r e s s f u l  duty.  I t  can be used by the re -  
searcher i n  the laboratiory, c l i n i c ,  o r  p a t i e n t ' s  home. 

TRANSMISLION OF EEG DATA - THE EIGHT-LHANNEL TELEPHONE TELEMETRY 
SYSTEM 

In t roduc t ion  

Trained personnel capable o f  ana l y z i  ng and d i  agnos . *,g E X  
records are i n  shor t  supply. Such personnel are u s a a ~ l y  found on l y  
a t  the l s r g e r  medicai f a c i l i t i e s .  Hence, i n  a sgburb o r  r u r a l  area 



one normal ly  e;.pects a  r e l a t i v e l y  long " t u r n  around t ime" and 
inconvenience associated w i t h  e i  t h e r  o f  the f o l  lowing: 

1. Taking the record a t  a  f a c i l i t y  w i t h  EEG equipment bu t  w i thou t  
personnel t o  i n t e r p r e t  t he  record  and then sending the  record 
t o  another f a c i l i t y  f o r  ana lys is  

o r  
2 .  Requir ing the  p a t i e n t  t o  go t o  another f a c i l i t y  f o r  the service.  

Hence, i t  i s  f e l t  t h a t  technology der ived from aerospace data 
handl ing experience cou I d  be app l ied  t o  he lp  a l l e v i a t e  t h i s  problem 
and a lso  prov ide f o r  datz  t r a n s t e r  from one research laboratory  t o  
another under NASA's  program. D r .  J.D. Fros t  and Dr. M. DeLucchi 
probided ideas and techni  ca I superv is ion f o r  the program. 

As such, t h i s  system, developed under con t rac t  NAS 9-12947, i s  
a  por tab le, i r d i r e c t l y - c o u p  led, telephone te lemetry  system wbich 
w i l  l t ransmi t  t o  a c e n t r a l  r ece i v i ng  s i t e  (by comnon voice-grade 
telephone l i n e )  e i g h t  channels o f  EEG data o f  s u f f i c i e n t  f i d e l i t y  
f o r  screening and/or l i m i t e d  d iagnos t i c  use. The system: 

1. Requires no e l e c t r i c a l  connect ion t o  the  telephone a t  the  t rans-  
m i t t e r  o r  a t  the  r ece i ve r  (uses magnetic coupl ing)  

2. I s  compatible w i t h  comnon EEG record ing practic: f o r  rea l - t ime  
record ing 

3.  W i  I 1  accept 8 i n p u t  channel s  simul taneousl y  w i t h  one t e  lephone 
t r ansm i t t e r  and one telephone rece i ve r  

4 .  Operates from standard power sources. 

Teleprlone Telemetry Techniques and Methods 

Numerous mod111 a t i  on techniques were examined f o r  appl i c a t i  on 
i n  t h i s  p ro j ec t .  Both acoust ic  and magnetic coupl ings were a lso  
exaniinea. Frequency modulat ion was se lected and each o f  the e i g h t  
channnls were placea i n  the upper octave o t  the vo ice band (1300 Hz 
t o  2330 Hz ) .  Sol i d - s t a t e  vo l tage-cont ro l  l e d  osc i  l l a t o r s  (VCO'S) 
were se lected w i t h  adequate s t a b i l i t y  f o r  t ransmission o t  the  data. 
Magnetic coupl ing was used a t  the  t ransmit te i - ,  and the t r ansm i t t e r  
was b u i l t  as simple as poss ib le  i n  order t o  minimize cost.  

Crys ta l  f i  1  t e r s ,  frequency t r ans la t i on ,  and phase-locked loops 
are used a t  the  r ece i ve r  t o  separate the channels. The frequency 
response of the system extendr from 0.5 Hz t o  s l i g h t l y  over 30 Hz 
per channel wh i le  ma in ta in ing  a  Signal- to-Noise r a t i o  of 30 dB. 
Pre-emphasis and de-emphasis are provided as appropr ia te .  Access t o  
con t ro l s  on the  rece ive r  are provided t o  opt imize operat ion from 
f i xed  loca t ions .  

Prel  iminary  c l i n i c a l  t e s t i n g  war performed i n  the Neurophysio- 
logy  Department o f  Methodist  Hospi ta l  . Various "d ia l -up"  telephone 
1  inks  Nere accompl :shed and the noise and cross- ta  I k between channels 
were shown t o  be very acceptable. 



Extensive tes ts  of the system are cont inuing and several fea- 
tures have been added t o  the  system. A "call-back" feature was 
added which a1 lows the user on e i t h e r  end o f  the system t o  a l e r t  
the person a t  the other  end t o  p ick  up the handset. A switch i s  
being provided which w i l l  convert a s ing le  channel o f  data t o  a 
wide-bandwidth channel f o r  diagnost ic scrut iny.  

Thus, i t  w i l l  soon be possible t o  equip remote r e r a l  hospi ta ls  
o r  medical o f f i c e s  w i t h  the c a p a b i l i t y  o f  obta in ing real - t ime con- 
su l ta t i on  w i t h  EEG experts by the use o f  any d ia l -up telephone and 
a telephone telemetry t ransmit ter .  This could improve and speed 
medical care i n  these areas wh i le  requ i r i ng  on ly  a modest investment 
i n  equipment. 

Other appl icat ions o f  t h i s  mtr l ti p i  exer are foreseen wherever 
e igh t  channels o f  data w i t h  a 30-Hz.bandwidth are required a t  a 
remote point.  The basic t ransmi t te r  and receiver  can be extended 
i n  frequency t o  dc o r  very low frequencies, i f  required. The 
technique can a lso be used over any audio l i n k ,  inc lud ing  single- 
channel tape recorders and two-way radio. 

CONCLUSION 

Space technology has been accrued f o r  processing and trans- 
m i t t i n g  the EEG. This technology has been appl ied t o  the develop- 
ment o f  products which uould improve ttie l eve l  o f  medical research 
and heal th care del ivery.  
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MEDICAL BENEFITS FROM THE NASA BIOMEDICAL APPLICATICNS PROGRAM 

John 5. Sigmon 

Since i t s  crea t ion  by the  Space Act of 1958 t h e  National Aero- 
naut ics  and Space Administration has been a major contr ibutor  i n  
t h s  advancement of technology. This technology which has advanced 
the s t a t e  of t h s  a r t  i n  a v a r i e t y  of d i sc ip l ines  h:s made possible  
t he  accomplishment of f e a t s  such a s  manned exploration of the  moon, 
mapping of other  p lane ts  i n  our s o l a r  system, and ea r th  o rb i t i ng  
medical labora tor ies ,  which a few decades ago were considered t o  be 
science f i c t i o n  and the impossible. Incr?asingly, t he  same tech- 
nology which made these f e a t s  possible  i s  being focused down t3 

ea r th  on major medical problems facing mankind. 

Research and development programs associated with t h e  NASA 
space program have created a '~emendous amount of technology i n  
v i r t u a l l y  every s c i e n t i f i c  f i e l d .  The s tockpi le  of technology con- 
s i s t s  of more than nine hundred thousand documents and increases  by 
approximately seventy-five thousand e n t r i e s  each year. Much of the 
new technology from the  space program is  d i r e c t l y  appl icable  t o  
;?on-aerospace uses and d i f fuses  i n t o  the  publ ic  community through 
the non-aerospace 3 iv is ions  of aerospace contrsctors .  Other new 
technology does not spread a s  easi ly .  For t h i s  redson the  NASA 
Technology Ut i l i za t ion  Off i c e  i n  Washington, DC i n i t i a t e d  an ac t ive  
program t o  assure " the  widest and most appl icable  and appropriate 
di-ssemination of information concerning i t s  a c t i v i t i e s  and r e s u l t s  
thereof." The spec i f i c  object ives  of t h i s  program are: 

1. To increase the  re turn  of the  nat ional  investment i n  aero- 
space research and development by encouraging addi t iona l  uses of 
t h s  knowledge gained i n  those programs; 

2. To shorten the time span between the  discovery of new 
knowledge and its e f f ec t ive  use i n  the marketplace; 

3. To a i d  the  movement of new knowledge across i n d u s t r i a l ,  
d i sc ip l inary ,  and regional  b o u n d ~ r i e s  ; and, 

4. To cont r ibu te  t o  the  knowledge of b a t t e r  means of trans- 
f e r r i n g  new knowledge from i t s  po ia t  of or ig in  t o  i t s  po in ts  of 
po ten t ia l  use. 

Under t h i s  program, Applications Teams were establ ished under 
contract  t o  NASA t o  i n t e r f ace  between the aerospace technology 
ava i i ab i l i t . i e s  and spec i f i c  public problems. There a r e  App l i~a t~ ions  
Terns established througho:lt the  nation concelitrating i n  such f i e l d s  
a s  a i r  snd water po l lu t ion  control ,  t ransportat ion,  mine sa fe ty ,  
an3 1 ~ l u  enforcement. The Bioinedica; Applications Taarns ( ~ ~ ~ e a m s )  
a r e  a l so  establ ished t o  concentrate on those technological problens 
facing the b iontd ica l  community. One such RATearn has o f f i c e s  a t  
the Lyndon B. Johi?son S p n c ~  Cecter here i n  Houston. Each team i s  



fami l ia r  with ac t ive  a reas  of aerospace research, the  NASA computer- 
ized co l lec t ion  of a rmspace  technology documentation, and methods 
of da t a  r e t r i e v a l  from the  information bank. The BATeams are ,  i n  
e f f ec t ,  human connections between the  NASA technology bank and the 
biomedical researchers  and p r a c t i t i o n e r s  a t  work i n  medical schools, 
hospi ta l s ,  c l i n i c s ,  r ehab i l i t a t i on  centers ,  and i n d u s t r i a l  centers  
throughout t he  nation. 

THE NASA BIOMEDICAL APPLICATIONS PRDGRAM 

To achieve i ts  goals  the NASA Biomedical Applications Program 
performs four  bas ic  tasks: 

1. Iden t i f i ca t ion  of major medical problems which lend t h e m  
se lves  t o  so lu t ion  by relevant  aerospace technology; 

2. Iden t i f i ca t ion  of relevant  aemspace technology which can 
be applied t o  those problems; 

3. Application of  t h a t  technology t o  demonstrate the  feas- 
i b i l i t y  a s  r e a l  so lu t ions  t o  t h e  iden t i f i ed  problems; and, 

4. Motivation of t he  i n d u s t r i a l  community t o  manufacture and 
market t h e  iden t i f i ed  so lu t ion  t o  maximize the  u t i l i z a t i o n  of aero- 
space solut ions t o  the  biomedical community. 

I n  ident i fying and obtaining these major technological prob- 
lems, the BATeam a c t i v e l y  pursues d i r e c t  contact with medical 
researchers and p rac t i t i one r s  i n  medical schools,  hosp i t a l s ,  
c l i n i c s ,  r e h a b i l i t a t i o n  centers,  and i n d u s t r i a l  centers .  The 
iden t i f i ca t ion  and d e f i n i t i o n  of the  medical problem a r e  then 
followed by an information search f o r  appl icable  aerospace tech- 
nology. 

Request acquis i t ion  i s  one of the most important a c t i v i t i e s  of 
the  BATeam. These requests  may come t o  the  BATeam unsol ic i ted  o r  
on other occasions, the BATeam a c t i v e l y  s o l i c i t s  requests  with the 
i n s t i t u t i o n s  which might have a need f o r  NASA technology. 

Request de f in i t i on  i s  performed through the  jo in t  e f f o r t s  of 
the  technology requestor and a selected BATeam member who i s  famil- 
i a r  u i t h  the request background. The object ive of t h i s  s t e p  i s  t o  
define prec ise ly  and concisely the  request and the required tech- 
nology to  answer the request. I n  many cases,  a f t e r  proper def in i -  
t i on  i t  is found t h a t  the  request should be rejected f o r  any number 
of reasons including existence of commercially ava i lab le  hardwsre 
o r  information which s a t i s f i e s  the requirenients of the request ,  o r  
the request is .TO complex a s  t o  be beyond the s t a t e  of the a r t  of 
aerospace technology. 

Relevmt aerospace technology which may o f f e r  an enswer the  
request i s  i den t i f i ed  through three  methods. The f i r s t  i s  . com- 
puter  search of the NASA da ta  bank u t i l i z i n g  the NASA S c i e n t i f i c  
and Technical 1nf'or.aation F a c i l i t y  i n  College Park, Maryland. The 



information ava i lab le  t o  the  NASA data  bank cons is t s  of more than 
nine hundred thousand documents, a r t i c l e s ,  and t r ans l a t ions  t h a t  
have been abstracted i n  th5 S c i e n t i f i c  and Technical Aerospace 
Reports (STAR) and the  In te rna t iona l  Aerospace Abstracts (?AA). A 
search i s  a l so  performed through MEDLINS, a computer index of med- 
i c a l  a r t i c l e s .  A t  t h e  same time, the BATean contacts  d i r e c t l y  
s c i e n t i s t s  and engineers a t  t h e  NASA f i e l d  centers.  

A l l  p o t e n t i a l l r  appl icable  technology i s  evaluated by the 
BATeam. That technology which the  BATeam considers pe r t i nen t  t o  
the request is  forwarded t o  the  requestor along with a compilation 
of l i t e r a t u r e  r e t r i eved  from the inf'ormation search. In  some cases 
the  BATeam arranges meetings between key NASA personnel and the  
technology requestor. 

The requestor must then evaluate the technology. His decision 
t o  pursue a proposed so lu t ion  depends upon several  fac tors :  h i s  
evaluation of the v a l i d i t y  of the 9roposed s o l u t i o r ~ ,  i t s  cost- 
e f f e c t i v i t y ,  and h i s  capab i l i t y  t o  implement the  solut ion.  

In an increasing number of requests  re2eived by the  BATeam 
the  techriology requestor  does not have resources ava i lab le  t o  
implemer,t the  solution. NASA has developed an Applications Engine- 
e r ing  Prograui t o  f a c i l i t a t e  the  implemsatation of se lec ted  technol- 
ogy appl icat ions iden t i f i ed  by the  Biomedical Applications Program. 
This assis tance,  u sua l ly  iunded by NASA, provides f o r  the design 
and development of hardware prototypes which a r e  then loarnd t o  t he  
requestor f o r  an evaluation period. Complete documentation i s  
prepared following t h i s  evaluation f o r  d i s t r i bu t ion  t o  in te res ted  
p a r t i e s  - 

Benefi ts  of the Biomedical Applications ? ro~ram 

There have been many successful technology a p p ~ i c a t i o n s  over 
tk.8 l a s t  few years. Among these were: 

1. Computer techniques f o r  removing i r r e l evan t  d e t a i l s  from 
x-rays ; 

2. Wireless r e sp i r a to ry  monitors f o r  in fan ts ;  
3, Cardiac ca the ter  pressure transducers; 
4. Implantable rechargeable cardiac pacemakers; 
5. Biological i so l a t ion  garments f o r  leukemia pa t i en t s ;  
6. Computer ane lys is  of in f ra red  photos of skin burns; 
7. Environmentai control  systems f o r  quadriplegics; 
8. Lightweight p ros the t i c s  mater ials ;  
9. Invest igat ions i n t o  the  development of an automobile 

dr iving control  f o r  quadriplegics; 
10. Lightweight long-duration breathing apparatus developed 

f o r  f i - a f i g h t e r s ;  
11. Paper money i d e n t i f i e r s  f o r  bl ind persons; and, 
12. Economical v i t a l  sigcu monitors f o r  use i n  nursing homes. 

Recent technological advancements which hold great po ten t i a l  
as fu tu re  technology appl icat ions include the following examples. 



Bioloaical I so l a t ion  Garment. A spec i a l  earmpnt o r i g i n d l y  
designed t o  provide a portable  s t e r i l e  environment f o r  re turn ing  
Apollo astronauts  t o  ea r th  from the moon has been adapted f o r  the 
National Cancer I n s t i t u t e  and is being modified f o r  the Baylor 
College of Medicine t o  pro tec t  leukemia p a t i e n t s  with severe immuno- 
deficiencies .  

Leukemia p a t i e n t s  have had ava i lab le  the  use of laminar flow 
rooms t o  provide s t e r i l e  environments, with some chi ldren  confined 
t o  s t e r i l e  p l a s t i c  bubbles from b i r th .  However, a portable  s t e r i l e  
environment is  needed t o  permit pa t i en t s  t o  move from the s t e r i l e  
chambers t c  o ther  places of treatment. The need i s  espec ia l ly  
important f o r  ch i ldren  who a r e  l e s s  t o l e ran t  of confinement i n  
s ing le  rooms. The i s o l a t i o n  garment allowe them t o  leave the  lam- 
i n a r  f l o g  room f o r  treatmant and recrea t ion  and f o r  v i s i t s  with 
fami l ies  . 

The o r ig ina l  NASA b io logica l  i s o l a t i o n  garment designed f o r  
the r e l a t i v e l y  shor t  tFme betueen the  ast i40naut 's  leaving the  
spacecraft  and enter ing the portable  quarantine f h c i l i t y  aboard the 
recovery vessel  posed problems of waight, heat ,  and claustrophobia 
f o r  medical pa t i en t s ,  e s p e c i L l y  children. The s u i t  was modified 
t o  allow the additi.on of a positive-pressure portable  a i r  supply 
system to  overcome the heat  problem by providing v e n t i l a t i o r .  
Since many contaminants a f fec t ing  the  p a t i e n t s  der ive from t h e i r  
own skin surface, the a i r  flow i s  d i rec ted  downward from the  top of 
the head t o  reduce the  danger of self-contamination. 

I r2ant  Respiratorv Assist  Device. The treatment of hyaline 
membrane disease ( resp i ra tory  d i s t r e s s  syndrome) by medicel 
researchers a t  the  University of M i a m i  School of  Medicine Is being 
dded  by Skylab technology. A r e sp i r a to ry  a s s i s t  device has been 
patterned a f t e r  t h e  lower body negative pressure system developed 
f o r  cardiovascular s tud ie s  i n  Skylab's zero- g rav i ty  environment. 

Respiratory d i s t r e s s  syndrome, a coildltion i n  which the lungs 
of a newborn in fan t  are collapsed, i s  one of the major causes of 
in fan t  m o r t d i t y .  More than twenty thousand in fan t s  i n  the Unfted 
S ta t e s  a r e  est.imated t o  succumb t o  t h i s  condition each year. 
Respiratory d i s t r s s s  syndrome i s  believed t o  be caused by the  fib- 
sence of an a lveolar  ndbstance tha t  decreases the surface tension 
and permits the l u r g s  t o  re-exptnd a f t e r  each expirat ion.  

Rese~rche r s  a t  several  mediczl centers  i n  the United S t a t e s  
and Canada ha te  recent ly  reported encouraging r e s u l t s  with the use 
of continuous pos i t i ve  airway pressure and continuous negative pres- 
sure therapeutic techniques. The positive-pressure method uses a 
tube i n  the th roa t  t h a t  continuously forces  oxygen-rich a i r  i n t o  
the lungs, while the  negative-pressure method keeps the in fan t ' s  
lungs exp~nded by subject ing the chest to  continuous negative 
prsssure to  maintain t,he proper r ss idua l  volume of a i r .  If l i f e  
can be sustained f o r  four  days by eikher methd ,  $he missing alve- 
o l a r  substance w i l l  then bs present. i n  a s u f f i c i e n t  quant i ty  f o r  
normal, u n a s s i ~ t e d  breathing to  occur. 



Spec ia l i s t s  a t  t he  University oC Miami School of Medicine were 
anong the f i r s t  t o  use the  negative-pressttre technique. A commer- 
c i a l l y  ava i lab le  r e sp i r a to r  t h a t  was modified t o  produce a constant 
negative pressure has saved the l i v e s  of several  infants .  To 
r e f ine  t h i s  improvised system, the  Universi ty  of M i a m i  medical t e r n  
desired t o  f ab r i ca t e  a negative-pressure chamber t h a t  would sover 
only the  idan t ' s  thorax, arms, and m y e r  abdomen. Such a system 
would o f f e r  advantages over the uss  of continuous positive-pressure 
i n  the  airways pr imari ly  because it would avoid in tuba t ion  and 
would Leave the  face  f r e e  f o r  nursing care,  such a s  removal of mucus 
from the throat .  

The NASA engineers who developed the  Skylab LBNP device a s s i s t ed  
the University of M i a m i  medicd team i n  designing the a i r  s e a l s  i n  
the  r e s r i r a t c r y  a s s i s t  device. The sea l s  i n  the i n f a n t ' s  ckmber 
a r e  s imi la r  t o  t he  s e a l s  used i n  t he  Skylah negative-pressure device 
i n  t h a t  they a r e  ad jus tab le  and can accomodate i n fan t s  of Vtir..?<*:s 
s izes .  

Mobile Actomt ic  Mstabolic Analyzer. Informatian I -  ;,3 work- 
loads encountered by severely disabled pa t i en t s  i n  r e h a t ~ l i t a t i o n  
programs i s  being provided by instrumentatioli and techniques or ig i -  
nal ly  devtloped t o  monitor the metabolic act i -vi ty  of the  Skylab 
crewmen. Information p r o v i d d  by t h i s  system w i l l  be valuable i n  
improving the design of pa t ien t -ass i s t  d r i c e s  and f o r  assessing 
the e f fec t iv ieness  of various treatment prc2edures. The NASA in- 
strumentation provides accurate measurement v~f the metabolic activ- 
i t y  of both normal and severely disabled subjects during ac tua l  
"walkingll conditions and can a l so  be used t o  foliow the progress of 
severely distiblcd persons through the  many pha:;~, of t h e i r  rehabil-  
i t a t i o n  programs. In a cooperative e f f o r t  between a Department of 
Health, Education, and Iblfare Socis l  Rehabilitation Services  t ra in-  
ing center  and NASA, e s e c i a l  motorized c a r t  and an instrumentation 
system (prov!.ded by NASA 7 enable- physical t he rap i s t s  t o  gather 
accurate workload jnformakion, '1,-e :L~,5trums~.tation cons is t s  primalq- 
i l y  of a por tab ls  nass spectrometer t . ~  .snalyze r e sp i r a to ry  gas ex-- 
change, an electrocardiographic record ing system, and devices fr:r 
measuring pa t ien t  veloci ty .  The motor4eed c a r t  i s  used t o  control  
the  pa t ien t  s ve loc i ty  accur~ . te iy .  The u s s  spectrometer provti?es 
a continuous recard of the ~imount of oxygeJ coi.3umed and the ,arbon 
dioxide producec by the patfsnt .  Pulse r a t e s  e.nd electrocardiogram 
(EKc) t racings a r e  a l so  recorded. 

Accurate ve loc i ty  measuraments pare ezien+,jal  i~7 meaningful 
workload ds ta ,  Together with accurate  phys i c~ iogka l  da ta ,  vcloci ty  
data  w l l l  allow medical personnel t o  measure the a c . ~ u ~ l  wc.-k per- 
formed by a pa t ien t .  This information w i l l  a id  i r i  desigztng vari-  
ous p r 0 s t h e t . i ~  devices and therapeat ic  techniques tha t  b i l l  .nin;- 
mize the s t r e s s  on pa t ien ts .  

Ths instrumsntation bas keen i n s t a l l e d  a t  the  Spf.in Rehah'l..- 
, s t i s n  Center i n  Huntsville,  Alabama. Etuc' ;ss of amputees w L L 1 l  
include both semistat,+.onary an2 ambulatrjry a c t i v i t i e :  involv.ing the 
uo? of p a r a l l e l  bars,  walkerettes,  crutches,  and lows?-extrcni;y 



prostheses o r  braces. Further s tud ies  w i l l  include conditions such 
a s  cardiovascular disease,  cerebral  henrorrhage, sp ina l  cord injury,  
diabetes,  hypertension, neurological diseases ,  and severe pulmonary 
diseases  such a9 emphysema and asthma. 

In-Flight Medical Sumor t  System Trainin2 Document. The IMSS 
docunent was developed t o  i l l u s t r a t e  t o  t he  Skylab crewmen the  use 
of a l l  the  onboard medical equipment and t o  provide them with pro- 
cedures f o r  bas ic  i n - f l i gh t  medical care. The document supplemented 
the 80 hours of crew medical t ra ining.  The unique f ea tu re  of the  
document i s  the  systematic approach and step-by-step procedure used 
to  I?; ~ , - s y  complex material .  This innovative method of presentat ion 
was cis,eloped during e a r l i e r  space f l i g h t  programs t o  a s s i s t  engi- 
neers i n  the operation and ana lys is  of complex spacecraf t  sys t em.  

Xith the demand f o r  improved hea l th  services ,  from more ambu- 
lances i n  the  c i t i e s  t o  more physicians' a s s i s t a n t s  i n  remote areas ,  
the demand f o r  improved ediicational and in s t ruc t iona l  mater ia l  has 
increased. Thus, NASA sen t  t he  IMSS t r a in ing  document t o  severa l  
emergsncy medical u n i t s  i n  Texas f o r  review. The in s t ruc t ion  manual 
was received en thus i e s t i c ly  and NASA has cooperated with t h e  Indian 
Health Service and the Houston F i r e  Department 02 Ambulance Service 
t o  develop s imi la r  manuals f o r  t r a in ing  medical personnel. 

Eineraency Ambulance Cardiac Care System. Skylab technology has 
been applied t o  the devslopment of an ambulance-carried compact med- 
i c a l  u n i t  t h a t  contains e s sen t i a l  equipment designed t o  meet t he  
diagnost ic  needs of hear t  pa t i en t s  a t  t he  scene of an emergmcy. 
This portable  ambulance module incorporates 911 the  bas ic  compo- 
nents requirzd t o  meet medical emergencies. For t he  f i r s t  time, 
these components have been combined i n  a s ing le  package the  s i z e  of 
a su i tcase  and weighs approximately 40 pounds. The components in- 
clude s two-way voice rad io ,  and E6G disp lay  and telemstry system, 
which can re lay  cardiac deta  t o  the  receiving hosp i t a l  and the  
physicians who w i l l  provide l a t e r  treatment t o  the  pa t i en t ,  a de- 
f i b r i l l a t s r  f o r  ex terna l  hea r t  s t imulat ion,  a semia~tomat~ic  i nd i r ec t  
blood pressure measurement system using a spec i a l  microphone posi- 
tioned under a hand-inflated cuff ( s imi la r  t o  the  bload pressure 
device developed f o r  the Skylab program), and a bas ic  pharmaceutical 
package. Optional e q u i p ~ e n t  ava i lab le  includes an electroencephalo- 
graph, derived from the Skylab s leep analyzer, t h a t  can provide 
remote observation of brain-wave action. 

The smergency ambulance cardiac care system 5as been t e s t ed  
extensively and i s  being used by the c i t y  of Houston. Technicians 
a r e  being t rained t o  use the 28 nuniclpal  medical resucs vehicles  
t ha t  hsve been equipped with the por tab le  ambulance modules. Elany 
other  c i t i e s  a r e  cur ren t ly  evaluating the  new uni t .  

Renote Health Care. During the ea r ly  de f in i t i on  s tage  of the 
Skylab Program, NASA attempted t o  design an integrated rnadical 
system tha t  cculd be used e f f ec t iv l ey  t o  administer hea l th  care t o  
crewmen i n  an orb i t ing  space s t a t i on .  A system incorporat ing the 
major systems of t h a t  design and some of the technology r e s a l t i n g  



Skylab Program i s  now being s e t  up f o r  evaluation i n  Arizona. 

With the  increasing commitment t o  provide qua l i t y  medical care 
t o  a l l  c i t i zens  located i n  both r u r a l  o r  inner-ci ty  areas ,  the wide- 
spread use of space-age technology w i l l  become an important means of 
supporting f a c i l i t i e s  i so la ted  from major m3dical i n s t i t u t ions .  In  
cooperation with the  Indian Health Servica of the ilepartment of 
Health, Education, and Welfare, NASA i s  developing a system (Space 
Technology Applied t o  Rural Papago Advanced J e a l t h  Care (sTARPAHC)) 
f o r  t h i s  purpose on the  Papago Indian Reservation i n  Arizona. 

The STARPAHC system i s  being b u i l t  and assembled under a NASA 
contract ,  with the  t a r g e t  date  f o r  operation being January 1975. 
With STARPAHC, modern medical s k i l l s  ana equipment a r e  made avai l -  
ab le  t o  remotely located and widely dispersed pa t ien ts .  Through a 
remote hea l th  c l i n i c  and mobile un i t ,  phys ic ianfs  a s s i s t a n t s ,  para- 
medics, and nurses work under t he  supervision of a physician. These 
remcte personnel communicate with physicians i n  near by hosp i t a l s  
with a very high frequency radio and microwave t e l ev i s ion  and com- 
puter  communications network. 

Collection and Quant i ta t ive  Determination of Orpanic Vola t i les  
i n  t he  Skylab Cabin Atmosphere. The purpose of t h i s  p ro j ec t  during 
the  t h i r d  manned Skylab mission was t o  c o l l e c t  and analyze post- 
f l i g h t  the v o l a t i l e  components i n  the cabin atmosphere, An impor- 
t a n t  aspect  of the pro jec t  was the assessment of the impact of the 
temporary overheating of the spacecraf t  on i t s  general h s b i t a b i l i t y  
and the  determination of possible  t ox ic  products from the space- 
c r a f t  materials.  This pro jec t  demonstrates a new and innovative 
gas-phase ana ly t i ca l  technique f o r  providing an grea te r  understand- 
ing of t r ace  v o l a t i l e  organic compounds. Further s tud ie s  i n  t h i s  
area a r e  present ly  being conducted by the  University of Houston 
under contract  t o  NASA, The s tud ie s  use high-resolution gas chroma- 
tography/mass spectrometry f o r  t he  ana lys is  of the organic v o l a t i l e s  
present  i n  the sample f l u i d s  o r  gases. 

NASi has f i l e d  f o r  pa ten ts  on t h i s  new technology, and the  
following indus t r i e s  have expressed i n t e r e s t :  

1. A i r  and water po l lu t ion  research (detect ion of a i r  and 
water po l lu t an t s  and new methods of sampling) 

2. Manufacturers of ana ly t i ca l  equipment (development of f ie ld-  
t n e  sampling and ana ly t i ca l  devices)  

3. Tobacco industry (developnent of c iga re t t e  smoke p r o f i l e s )  
4 1  Medical community ( ea r ly  detect ion of diseases  s tud ie s  

bbsed on ana lys is  of body f l u i d s  (blood, breath,  u r ine ) )  
5 .  Food indus t ry  (sampling and de f in i t i on  of f l avo r s  and 

aromas) 
6.  Petroleum indus t ry  (sampling of v o l a t i l e s  of crude o i l  and 

core samples f o r  determining cons t i tuents )  
7. Phar-mceutical industry (methods of de tec t ing  metabolic 

changes due t o  drug therapy) 



CONCLUSION 

Medical benefi ts  from the  NASA Technology Ut i l iza t ion  Program 
and the associated Biomedical Applications Program have been many. 
However, with the successful completion of the  Apollo and Skylab 
Progrws, more a t t en t ion  within NASA is being directed towards 
applications and increasing the  return of the nat ional  investment 
i n  aerospace research and development programs. We inv i t e  the  med- 
i ca l  and indus t r i a l  communities t o  pa r t i c ipa te  in the technology 
t ransfer  process with the  NASA Biomedical Applications Program. 



HYPOBARIC CHAMBER FOR THE STUDY OF ORAL HEALTH PROBLEllS 

I N  A SIMULATED SPACECRAFT ENVIRONMENT 

Lee R. Brown, Ph.D. 

INTRODUCTION 

I n  1968 The Unive r s i ty  of Texas Dent a 1  Branch and Denta l  
Science  I n s t i t u t e  a t  Houston rece ived  a  c o n t r a c t  (Contract  
No. NAS-9 -11118) from t h e  Manned Spacec ra f t  Center .  Houston. 
~ e i a s  f o r  a  s tudy  t o  Define and v e r i f y  t h e  p e r s o n a l  O r a l  
Hygiene Requirements of Extended Manned Space F l i g h t .  It  was 
be l i eved  t h a t  a l l  p o s s i b l e  h e a l t h  hazards  should be  e l i m i -  
na ted  t o  i n s u r e  t h e  u n q u a l i f i e d  success  o f  extended space  
tfentures ; s p e c i f i c  a l l y ,  t h e  p ro jec ted  Skylab miss ions .  The 
o r a l  t i s s u e s  a r e  p a r t i c u l a r l y  vu lne rab le  t o  s t r e s s  and sys -  
temic d i sease .  The mouth s e r v e s  a s  a  p o r t a l  o f  e n t r y  f o r  
pathogenic agents ,  a c t s  a s  a r e s e r v o i r  f o r  i n f e c t i o u s  micro- 
organisms, and p lays  a prominent r o l e  i n  c r o s s  contamination 
and d i s e a s e  t r ansmiss ion .  Changes i n  o r a l  micraorganisms 
u s u a l l y  precede t h e  c l i n i c a l  man i fes ta t ions  of  acute  and 
chron ic  i n f e c t i o u s  o r a l  pa thoses .  C l i n i c a l  examination of  
t h e  o r a l  t i s s u e s  can i d e n t i f y  changes i n  t i s s u e  i n t e g r i t y  
caused by l o c a l  and sys temic  impairments o f  m i c r o b i a l  and 
nonmicrobial  o r i g i n  l e a d i n g  t o  mucos i t i s  , d e n t a l  c a r i e s  and 
p e r i o d o n t a l  d i s e a s e .  Such impairments t o  o r a l  h e a l t h  would 
be  e x t r e n e l y  d e t r i m e n t a l  t o  t h e  performance of personnel  con- 
f i n e d  t o  space  capsu les .  

To gain  some i n s i g h t  i n t o  t h e  e f f e c t s  o f  a  s imula ted  
s p a c e c r a f t  environment on mouth b a c t e r i a ,  s t u d i e s  were first 
made us ing  nonhuman primates (marmosets) be fo re  engaging i n  
land-based, spacecraf t -s imula ted  s t u d i e s  wi th  humans. Marmo- 
sets were s e l e c t e d  because t h e y  a r e  t h e  s m a l l e s t  o f  t h e  p r i -  
mates and t h e  e a s i e s t  t o  handle and mainta in .  The i r  mouth 
s t r u c t u r e s  and o r a l  d i s e a s e  symptoms s imula te  t h o s e  o f  man. 

A hypobaric chamber was cons t ruc ted  t o  house two manno- 
s e r s  s imultaneously i n  a  space-simulated environment f o r  
per iods  of  14 ,  28 and 56 days which coincided wi th  t h e  a n t i -  
c i p a t e d  Skylab miss ions .  This  r e p o r t  d e t a i l s  t h e  f a b r i c a t i o n ,  
o p e r a t i o n ,  and performance o f  t h e  chamber and very  b r i e f l y  
reviews t h e  s c i e n t i f i c  d a t a  from nine  chamber t r i a l s  i n v o l -  
v i n g  18 animals. The p o s s i b l e  a p p l i c a t i o n  of t h i s  model sys -  
tem t o  s t u d i e s  u n r e l a t e d  t o  o r a l  h e a l t h  o r  space miss ions  is 
d i scussed .  



MATERIALS AND METHODS 

Two p l a s t i c  i s o l a t o r s  (18 inch dinmeter and 36 inches 
long) were fabricated1 t o  house two m a m a s e t s  emh .  Tlle 
cyl inder  portion of t h e  i so l i l to rs  w i s  milde from 3/8" itcrylie 
p l a s t i c  and the  endpieces from 1" i c r y l i c  p l a s t i c .  The end- 
pieces were he ld  i n  piace by s i x  3/16?' dinmeter joining 
brass  rods.  The rods were threaded t o  permit t igh ten ing  o f  
t he  endpieces by wing nuts .  A rubber gasket was recessed i n  
each endpiece t o  effect a s e a l .  

The chamber cage racks were constructed from V4"  acry- 
l i c  p l a s t i c .  They were designed t o  allow caging of two m a r -  
mosets i n  separa te  compartments. The ends and cen te r  divid-  
ers of  t h e  cage racks were perforated with numerous l/2" 
holes  f o r  c i r cu l a t ion  of gases. The base was formed of  
p l a s t i c  s t r i p s  f o r  passage of animal waste. Wastes were 
co l lec ted  on a removable V8" t h i ck  p l a s t i c  p l a t e  (11" wide, 
35" long) bent t o  d i r e c t  ur ine flow toward t h e  cen te r  and 
.containing wood shavings and Tel-Tale S i l i c a  ~ e l Z  t o  remove 
moisture, bor ic  acid t o  i n h i b i t  b a c t e r i a l  degradation, and 
P u r a f i l  granules3 t o  absorb organic compounds. 

Food boxes, watering troughs,  and environmental boxes 
were made from l/8" p l a s t i c  and attached t o  t h e  cage racks 
by b o l t s  and wing nuts .  

An ac ry l i c  p l a s t i c  ex t e rna l  u n i t  was f ab r i ca t ed  t o  re- 
c i r c u l a t e  chamber atmosphere a t  2 CFM t o  enhance removal o f  
C02, water vapor, and organic contaminants. A magnetic l y  
driven s q u i r r e l  cage blower c i r cu l a t ed  t h e  chamber gases 
sequent ia l ly  through can i s t e r s  of  chemical scrubbers,  over 
an e lectrode f o r  monitoring the  p a r t i a l  pressure of  oxygen, 
and back i n t o  t he  chamber. Various by-pass and shut-off 
valves were included i n  t h e  r ec i r cu l a t ion  system t o  con t ro l  
t h e  flow through s p e c i f i c  can i s t e r s ,  and t o  by-pass c e r t a i n  
p a r t s  o f  the  u n i t .  This permitted recharging and c a l i b r a t i n g  
of t he  oxygen e lec t rode  i n  t h e  oxygen gland assembly and 
replacement o f  t h e  pur i f ica t ion  can i s t e r s .  

The oxygen l e v e l  was continuously monitored by a Beckman 
Model 778 Process Oxygen ~ n a l ~ z e r 4  containing a polargr  aphic 
oxygen sensor.  This sensor was placed i n  a gland assembly of  
t he  r ec i r cu l a t ion  system. The concentration of amnonia, 
hydrogen s u l f i d e  and carbon dioxide i n  t h e  chamber was 
checked e r i o d i c a l l y  with a Unico Model 400 Precis ion Gas 9 Detector . 

Pure oxygen o r  a mixture of 70 2er cent oxygen - 30 per 
cen t  nitrogen was supplied t o  t he  charnber from s i z e  1A cyl in-  
ders  of compressed gas provided with two-stage regula tors .  

Oxygen was supplied automatically t o  t h e  chamber, as 
needed, t o  maintain a 70 per cent  - 30 per cent  



oxygen-nitrogen r a t i o  a t  a chamber pressure of 5 PSI. Cham- 
ber pressure was used t o  con t ro l  t h e  mount of oxygen sup- 
p l ied  since t h e  chanber and t h e  r ec i r cu l a t ion  un i t  were b u i l t  
as a hermetically sealed system. Any change i n  pressure such 
as t h a t  caused by t h e  uptnke of oxygen during r e sp i r a t i on  
(the carbon dioxide produced wijs  removed by ~aralyme6)  could 
be u t i l i z e d  as an oxygen con t ro l l e r .  A device was designed 
t o  provide oxygen t o  t h e  animal chamber when t h e  negative 
pressure increased by 0.1" Hg. The device consis ted of  a 
"VV"-shaped mercury manometer (3/16" bore) formed within 8 
four-inch square block of  ac ry l i c  p l a s t i c ,  a 6 t o  8 v o l t  auto 
l i g h t  bulb act ivated a t  5 v o l t s  from a 1 v o l t  f i lament t r a n s -  
former of  standard design,  a 10 X microsco e eyepiece t o  con- 3 cen t r a t e  l i g h t ,  a Raytheon CK122 Photocel l  , a s m a l l t r a n s i s -  
to r ized  anpl i f ie r8 ,  and a E4F1000S SPDT relay7.  

During evaluation of t he  chamber t o  5 PSI,  both ends of 
t he  manometer were lef t  open. Thus the  column of H g  pre- 
vented the  passage o f  l i g h t  through the  t rans lucent  manometer. 
Then the  connection tube from one end o f  t h e  manometer was 
clamped shut t o  allow the  column of  Hg t o  move with an 
increase i n  negative pressure.  When negative pressure 
increased, as with C02 removal, t h e  column of Hg moved t o  
allow l i g h t  t o  pass through a l/8" diameter recess  i n  t h e  
manometer. The l i g h t  energized the  photocel l  and the  impulse 
was amplified and passed t o  a r e l a y  which ac t iva ted  t h e  Dor- 
meyer Comnercial solenoid (type 4x241) . The solenoid then 
opened a tubing clamp8 which functioned as an oxygen valve.  

To e s t a b l i s h  a hermet ical ly  sea led  system, a i r  from t h e  
complete hypobaric assembly was evacuated by an o i l l e s s ,  
greaseless  vacuum pump ( ~ a s t ~  ) . A 2q hour maintenance of a 
negative pressure of  28.5 inches of  Hg was considered ev i -  
dence of  s e a l .  The chamber therl. was repressur ized and opened 
t o  receive the  test animals. 

The chamber was evacuated i n  a progressive manner with 
addit ions of pure oxygen t o  hypervent i la te  t h e  animals and 
overcome t h e i r  s e n s i t i v i t y  t o  oxygen deplet ion before obtain- 
ing  the  f i n a l  chamber atmosphere of  70 per cent  oxygen and 30 
per cent ni t rogen (177 mn H~ oxygen and-76 mm Hg nitrogen a t  
5 PSY). 

The animals were sampled microbiologically a t  two day 
in t e rva l s  t o  obtain four basel ine (prechamber) counts p r io r  
to  each of the  chamber t r i a l s .  During the  fourth  sampling 
period, t he  animals were examined, weighed and placed i n  the  
chamber which was adjusted t o  t he  designated atmospheric con- 
d i t i ons .  After each week of  confinement, t he  animals were 
removed, examined, weighed, sampled, and placed back i n t o  n 
clean chamber. A t  t h e  end of each chcmber t r i a l  t he  animals 
were removed, and a f t e r  t h ree  days of readjustment, resampled 
microbiologically on four  occasions a t  2 day i n t e r v a l s  t o  



obtain post chamber recovery values.  Oral  t i s s u e s  were a lso 
examined fo r  denta l  plaque and calculus  accumulations and f o r  
t he  presence of inflammation and mucosit is .  

RESULTS 

The chmber  functioned with minimum a t t en t ion  and with- 
out insurmountable problems. The oxygen con t ro l l i ng  mechan- 
i s m  operated e f f i c i e n t l y  and required only a s l i g h t  pressure 
adjustment every two t o  t h ree  days. The chamber atmosphere 
was sampled a t  regular  i n t e r v a l s  during operat ion.  Readings 
with t he  Unico Gas Detector a f t e r  two hours of operation were 
i d e n t i c a l  t o  those of t he  laboratory atmosphere: 0.17% C02 
and no de tec tab le  hydrogen s u l f i d e  o r  ammonia. Seven day 
readings averaged 0.48% C02 with no de tec tab le  H2S o r  8113. 

The marmosets reacted t o  t h e  pressure changes during the  
i n i t i a l  adjustment t o  5 PSI by head shaking and scra tch ing  o r  
pul l ing t h e i r  ears. Some marmosets regurgi ta ted each time 
the  chamber was evacuated. In  t he  first t r i a l  both marmosets 
developed ophthalmic complications during t h e  first th ree  
days of i so l a t i on .  I n i t i a l l y  they rubbed o r  scratched t h e i r  
eyes, and blinked excessively.  Later t h e i r  eyes appeared 
glazed and dry and by the  t h i r d  day both marmosets displayed 
p e r i o r b i t a l  swelling,  which subsided during the  four th  day 
and disappeared by t h e  f i f t h  day. These symptoms were not  
observed on subsequent chamber i s o l a t i o n s  a f t e r  e l iminat ing 
one of t he  desiccat ing agents (CaC12) . 

The animals adapted t o  t he  chamber r a the r  e a s i l y  and 
were maintained i n  t he  simulated spacecraf t  environment with 
few problems except f o r  weight l o s s  and d ia r rhea .  The weight 
losses  occurred i n  16 of  t he  18 animals and were independent 
of t he  diarrhea.  Usually only one of t he  two marmosets 
developed d ia r rhea  which always followed the  i n i t i a l  weight 
l o s s .  The s p e c i f i c  cause (s)  of d ia r rhea ,  which is exceed- 
ingly cormon i n  capt ive marmosets i r r e spec t ive  of environ- 
ment o r  d i e t ,  was not del ineated i n  t h i s  study. Assessments 
of the  s t o o l  microflora i n  animals with d ia r rhea  revealed no 
g u a l i t  a t i ve  o r  quan t i t a t i ve  differences  from animals with  
normal s t o o l s .  

Dent a 1  c a lculas  and plaque accumulations during each 
chamber i s o l a t i o n  were found comparable i n  amount t o  t he  
accumulations a t  ambient conditions of equal  durat ion.  

Numerical changes of  microorganisms were observed i n  
many marmosets during chamber i so l a t i ons ,  but t he  changes 
var ied with microbial  ca tegor ies ,  sample time, and animal 
t e s t e d .  



DISCUSSION 

A r e l a t i v e l y  inexpensive ,  l i g h t  weight ,  hypobaric p res -  
s u r e  chamber was f a b r i c a t e d  which was s u i t a b l e  f o r  s tudy ing  
t h e  effects of space-simulated environments on t h e  o r a l  
h e a l t h  of smal l  pr imates .  Chamber atmosphere could be con- 
t r o l l e d  r a t h e r  simply and w i t h  minimum a t t e n t i o n .  

The marmosets r e a d i l y  adapted t o  a s imula ted  s p a c e c r a f t  
environment f o r  a s  long a s  56 days without  pe rn ic ious  effects. 
Althctugh p e r s i s t e n t  weight l o s s  and d i a r r h e a  were observed,  
no o t h e r  h e a l t h  impairments were apparent .  There was no e v i -  
dence of d e l e t e r i o u s  changes i n  t h e  o r a l  t i s s u e s  and no i n d i -  
c a t i o n  o f  d i s e a s e  t r ansmiss ion  between chamber occupants  by 
o r a l  exchange o f  microorganisms o r  by symptom complex. 

The s p e c i f i c  causes  o f  weight l o s s  and d i a r r h e a  were no t  
e l u c i d a t e d .  The most pronounced weight l o s s e s  were observed 
i n  t h e  first 1 4  day chamber t r i a l s  concurrent  w i t h  an exces-  
s i v e ,  i n t e r m i t t e n t  n o i s e  l e v e l  produced by an oxygen va lve .  
The va lve  was l a t e r  modified t o  suppress  t h e  n o i s e  which con- 
ce ivab ly  could have c r e a t e d  undue s t r e s s  i n  t h e  normally h igh 
s p i r i t e d  marmosets. This  at tempt t o  prevent  weight l o s s  was 
followed by p r e - i s o l a t i o n  cond i t ion ing  of t h e  animals t o  t h e  
chamber. Nei ther  n o i s e  suppress ion nor  cond i t ion ing  seemed 
t o  halve any e f f e c t  on weight responses dur ing  subsequent  
chamber t r i a l s .  Comparisons of t h e  amount of food and water  
i n t a k e  o f  animals i n s i d e  and o u t s i d e  of t h e  chamber environ- 
ment d id  not  account f o r  t h e  weight l o s s e s .  Furthermore ' - 
problem could not  be r e l a t e d  t o  t h e  d i a r r h e a  s i n c e  t h e  w : 
l o s s e s  always preceded d i a r r h e a  and f requen t ly  occurred  1 4 1  

t h e  absence of d i a r r h e a .  

There were no noteworthy q u a l i t a t i v e  changes i n  t h e  o r a l  
mic ro f lo ra  a t t r i b u t a b l e  t o  t h e  chamber environment. Con- 
v e r s e l y ,  t h e r e  were some chamber-associated, q u a n t i t a t i v e ,  
mic rob ia l  d i f f e r e n c e s .  These, however, appeared t o  be animal- 
r e l a t e d  r a t h e r  than group-re la ted .  Most o f  t h e  s t a t i s t i c a l l y  
s i g n i f i c a n t  d i f f e r e n c e s  i n  m i c r o b i a l  counts  dur ing  chamber 
t r i a l s  r e s u l t e d  from mic rob ia l  i n c r e a s e s  i n  only  a few animals 
w i t h i n  t h e  group and/or from t r a n s i e n t  o r  c y c l i n g  behavior  
r a t h e r  than from an o v e r a l l  count t r e n d .  Tncreased counts  
were widely d i s t r i b u t e d  among organism type ,  sample type ,  and 
chamber t r i a l .  On t h e  b a s i s  of t h i s  s tudy ,  t h e r e  a r e  no pre-  
d i c t a b l e  h e a l t h  hazards  which might o r i g i n a t e  from t h e  oral.  
c a v i t y  dur ing  prolonged space  f l i g h t s .  

Although t n $  chamber descr ibed was designed and used 
s p e c i f i c a l l y  t o  s tudy  t h e  e f f e c t s  o f  a s imulated s p a c e c r a f t  
environment on t h e  o r a l  h e a l t h  of smal l  pr imates ,  it could be 
used t o  s tudy problems u n r e l a t e d  t o  o r a l  h e a l t h  and space 
miss ions .  The chamber could r e a d i l y  be used t o  s t u d y  numerous 
problems r e l a t e d  t o  p o l l u t i o n  and o t h e r  environmental  f a c t o r s ;  



i .e . ,  t h e  effect of v a r i o u s  gases  and r e l a t e d  p o l l u t a n t s  on 
r e s p i r a t o r y ,  o p t i c a l ,  s k i n  and o t h e r  t i s s u e  responses .  Con- 
t r o l l e d  s t u d i e s  could  a l s o  be c a r r i e d  o u t  on t h e  e f f e c t s  o f  
gaseous p o l l u t a n t s  and/or chemical ae roso l s  on food and water  
contamination,  and t h e  growth and reproduct ion  o f  p l a n t  l i f e .  
The e f f e c t s  o f  confinement, overcrowding, n o i s e ,  s i l e n c e ,  
temperature,  humidity,  e t c .  on p h y s i c a l  ,md menta l  responses  
could be i n v e s t i g a t e d  under c o n t r o l l e d  c o n d i t i o n s .  

A I~ypobar ic  chamber was f a b r i c a t e d  and t e s t e d  f o r  main- 
t a i n i n g  marmosets i n  an atmosphere o f  70% 02 t o  30% N2 a t  5 
PSI. Marmosets adjus ted  t o  a space-simulated environment 
r a t h e r  e a s i l y  and were maintained i n  t h e  environment f o r  
per iods  up t o  56 days w i t h  no problems except  f o r  weight l o s s  
and d i a r r h e a .  

There were no apparent  environment - a s soc i  ated changes i n  
t h e  o r a l  t i s s u e s  and no noteworthy q u a l i t a t i v e  a l t e r a t i o n s  i n  
t h e  o r a l  mic ro f lo ra .  There were, however, environment- 
a s soc ia ted  q u a n t i t a t i v e  mic rob ia l  changes which were animal- 
r e l a t e d  r a t h e r  than group-re la ted .  These changes p r i m a r i l y  
involved widely d i s t r i b u t e d  i n c r e a s e s  i n  c e r t a i n  r e s i d e n t  an8 
t r a n s i e n t  o r a l  microorganisms. There was no d i r e c t  evidence 
o f  o r a l  t r ansmiss ion  of t h e  microorganisms between p a i r s  o f  
chamber-housed animals. 

I t  is be l i eved  t h a t  t h i s  chamber could  r e a d i l y  be used 
t o  s tudy numerous problems r e l a t e d  t o  p o l l u t i o n  and o t h e r  
environmental f a c t o r s .  
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IMAGE PROCESSING OF ANGIOGRAMS: A P I L O T  STUDY 

L .E .  L a r s e n ,  M.D.; R.A. E v a n s ,  M.D.; J.O. Roehm, J r . ,  M.D. 

PREFACE 

Image processing has its highest public visibility in the 
context of NASA activities. Two of the most widely known 
applications were the processing of lunar imagery from the 
Surveyor spacecraft and earth resources imagery f rom the 
Earth Resources Technology Satellite (ERTS). 

Since NASA is the world's largest  consumer of image pro-  
cessing, the Johnson Space Center provided a unique oppor:unity 
to explore the application of specialized image -proces eing hard - 
ware to radiology. W e  a r e  indebted not only to Johnson Space 
Center and the Health Applications Office of the Earth Observa- 
tion Division, but also to  the IBM Houston Scientific Center for  
allowing us  the use of their image -conversion facilities. 

INTRODUCTION 

The technology transfer application this report describes 
is the result of a pilot study of image-processing methods applied 
to the image enhancement, coding, and analysis of ar ter iograms.  
Angiography is a subspecialty of radiology that employs the intro- 
duction of media with high x-ray absorption i:;'.o a r te r ies  in order  
to study vessel  pathology a s  well a s  to infer d-sease of the organs 
supplied by the vessel  in question. 

The specific angiograms were  of the abdominal aorta and 
a la teral  view of the right internal carotid ar tery.  Since the 
objectives and pathologies were different in these two instances, 
a brief description of the disease states may be useful. The 
abdominal aor ta  is the major a r te r ia l  vessel  in the abdomen. It 
i s  a frequent si te of atherosclerotic involvement that may pro-  
g re s s  to  an aneurysm that will require surgica? treatment. 
Less  -severe stages of the disease result  in saccular deformation 
of the a r te r ia l  wall. These changes, observed over time, can 
help to quantify the rate of disease progression a s  well a s  aid 
the surgeon's decision of when to intervene. Therefore, the 
relevant part  of the angiogram is the shape of the walls of the 
abdominal aor ta ,  and other features of the x- ray  a r e  immate- 
r ial  . 

In the case of the cerebral  angiogram, the problem is 
quite different. In the particular case  under study, the patient 
was found to suffer what may be described a s  a small  stroke.  
The angiogram demonstrated multiple vessel occlueion due to 
emboli o r  smal l  particles plugging the a r te ry  a s  the veesel size 
decreased. In this instance, the objective was to  e::hance these 
abnormally abrupt terminations of the blood vessels i s  o rder  to 
determine the extent of involvement. 



The overall aim of the pilot study was to explore the possible 
application of image analysis and coding to  the abdominal-aorta 
problem and the utility of image-enhancement methods for the 
cerebral  angiogram. The basic requirements in te rms  of hard-  
ware and software for the application of these methods in clinical 
practice needed to be defined f rom practical experience, and we 
hoped to  extract some feeling for the benefits such an approach 
could offer, 

METHODS 

In both the aortogram and cerebra l  angiogram, the basic 
data consisted of x-ray f i lm images of the target (abdomen and 
head, respectively) before and after introduction of the contrast 
medium. The firet  step was to convert these images into a 
computer-compatible form. This was accomplished by scanning 
either prints o r  transparencies by an electromechanical device 
that positions a photometer (measures reflectance o r  transrnis-  
sion) over the surface of the image in a seriea of vertical lines, 
with each line containing a number of positions for photometric 
measurements. In our case ,  the x-ray fi lms were printed, then 
the prints were scanned with a 10 -mil aperture in 10 -mil steps 
across  the image in a r a s t e r  format. At each measurement 
position, the reflectance was quantified by a 6 -bit number to 
give 64 levels f rom full reflectance (white) to  full absorption 
(black). The data was arranged on the tape with implicit posi- 
tional information, su,h that the f i rs t  logical record contained 
the f i r s t  700 sample points f rom top to bottom of the picture. 
Subsequent records contained 4 total of 700 scan lines, to give 
a total of roughly 500,000 data points per  x-ray,  with 8 bits per  
4ata point for  4 million bits per picture. 

The initial conversion of the aortograms was accomplished 
differently. Since the objective was only to retain vessel  shape, 
the outline of the vessel  walls was traced with a c ross -ha i r  
X-Y digitizer in a film where all  background was subtracted from 
the angiogram. That is ,  a cross-hair  i s  located in two- 
dimensional Cartesian coordinates, and its position on the X 
and Y axee is accurately measured to 100 par ts  per inch; then 
the cross-hair  i s  manually positioned over the vessel wall, and 
ite position is  recorded a s  it is moved along the vessel-wall 
outline. Any branching vessels a r e  removed by linearly inter - 
polating across  their  points of departure f rom the aorta.  In this 
way, one normal and one moderately diseased aortogram wpre 
converted to  an order  s e r i e s  of paired coordinate *.slues in a 
plane; then the image was converted to  binary form (black o r  
white) by calling a point in the plane between the two walls one 
(black) and all  other points in the plane zero  (white). Thus, all 



gray tone was removed, and only edge information remained. 
Once the x-rays had been converted to this computer- 

compatible form, the processing stage could begin. The 
cerebral  angiograrns were processed to  enhance the abnormally 
abrupt vessel terminations. The f i rs t  s tep was to  manually 
register the images f rom before and after introduction of the 
contrast medium. Thus, the before-imape was a plain skull 
film, and the after-image was an early arterial-phase angio- 
gram. Image registration was accomplished by aligning major  
skull landmarks f rom the two images. The image values that 
represented the skull film were then numerically subtracted 
from the angiogram at identical coordinate points. The result 
was to enhance the vessels,  since the skull background had been 
removed. Thus, the vessel  terminations were  made more evi- 
dent. Further processing to enhance these vessel  t e  rmina:ions 
took the form of contrast enhancement in the differenced angio- 
gram. The objective was to further highlight the abrupt change 
in contrast at the vessel  termination by a non-linear digital 
filter. This filter was designed to be used interactively, with 
different parameters t o  be used for different par ts  of the picture. 
Contrast enhancement was accomplished by transforming a 
small  range of density values into the full range of available 
values. Thus, a fraction of the original range is  stretched 
across  the entire dynamic range, with the result that small, 
even imperceptible, density differences a r e  contrast-magnified. 
This operation i s  then repeated across  several  ranges of the 
original densities o r  reflectances. 

The effect i s  to enhance small-vessel  terminations with one 
parameter choice and to  enhance contrast changes within la rger  
vessels by another parameter choice. The latter ,  while not a 
primary objective, would be useful for detection of athero- 
sclerotic vessel disease in the upper neck, where surgical in- 
tervention is  possible. 

Lastly, the densitometry approach was further developed 
by pseudocoloring. For  this approach, the values between 1 
and 64, which represent the picture at one particular 10-mil 
sample-point in space, a r e  represented a s  a set  of colors and 
displayed on a color T V  monitor. The actual procedure covered 
the range of reflectances in 16 rather than 64 steps; then, 16 
unique colors were interactively assigned to  the 16 reflectance 
values. When the original image is  in analog form, the edge- 
enhanced version of the angiogram is available with o r  without 
background overlay. The perceptual effect may be compared to 
a plot of the original reflectance values for one scan line through 
the before and after films. Clearly, isoreflectance contours a r e  
markedly enhanced by pseudocoloring. 



The use of graphed reflc~ctancc~ value proved to  bc c-epccially 
enlightening, because it exposcd a mis registration of 60 thou - 
sandths of an inch. The plots also confirmed an ear l ie r  supposi- 
tion that the origi:.al prints were not identically processed photo- 
graphically prior to  conversion. Thus, some e r r o r s  in subtrac- 
tion we r e  explained. 

The aortogram-processing followed an entirely different 
course. The conversion procea s itself accomplished an edge 
enhancement, with the remaining problem being one of quantify- 
ing the degree of atherosclerotic invol~rement; that is ,  the 
problem was liow one of image analysis and coding ra ther  than 
image enhancement. The approach we chose for the analysis 
problem was to  express the defined edges of the vessel  walls a s  
discrete  Fourier transforms. This i s  basically a method that 
models the edge a s  a spatial se r ies ,  composed of sine and 
cosine basis  functions. The edge path is  then coded by the co-  
ef ficients that weight the various sinusoidal components. Since 
the atherosclerotic changes a r e  in the form of low spatial- 
frequency sacculations, the edge can be coded with only three 
o r  four low-order coefficients and thereby accomplish a data 
reduction from about 5u0 orlginal data points down to l e s s  than 
10 t ransform coefficients. The result of this analysis i s  shown 
f o r  both a normal and a moderately diseased abdominal aorta. 

Once the digital processing is accompli:hed, the las t  s tep 
is  to produce a pictorial output f rom the digital tape. This i s  
accomplished in essentially reverse  procedure f rom the con- 
version process.  In the case of the cerebra l  angiogram, the 
same rotating drum scanner/plotter was used. The f i r s t  record 
o r  tape contained data for the f i rs t  scan line, the second record 
f o r  the second scan line, etc. The individual data values were  
converted to  an exposure -intensity value for a light source pro-  
jected through a 10 -mil aper ture  onto film. Thus, roughly 
500,000 data points were "plotted" on the film in this way, and 
the processed image was thereby reconstructed. In the case of 
the abdominal aortogram, the X-Y coordinate information 
stepped the location of a plotter head over the plotter tnble until 
the walls of the vessel were drawn. 

CONC JAUSIONS 

The pilot study served to  illustrate only a small  proportion 
of the versatility and power of image-processing methods. 
Many additional approaches to the angiograms urder  study were 
possible. Some may have been better than the ones we chose. 
However, the intent was to e x ~ l o r e  the methodology with t r i a l  
problems rather than to launch a definitive project. Within this 
concept, we discovered and ameliorated many practical  



difficulties in the conversion, digital s torage ,  and regenerat ion 
of images,  a s  well  a s  defining the effect of common methods of 
photographic processing.  Similarly,  we made some p r o g r c s s  
toward developing the computcr  -p rogram l ib ra ry ,  ncctbssary  
f o r  routine image processing.  The mos t  important of thesc  
prac t ica l  lessons  was  the absolute necess i ty  f o r  efficient algo - 
r i thms  (due t o  the enormous  volume of data)  and interact ive 
processing,  whereby the r e su l t s  of a given digital operation 
could be judged quickly by means  of a digital image display. 
The end product of any enhancement effort mus t  be useful and 
illformative t o  the  obse rve r .  Since pa ramete r  adjustment can 
make the effect of any digital operation widely different in dif-  
ferent  p a r t s  of the  s a m e  pic ture  o r  between ~ : ~ i f e r e n t  p ic tures ,  
the informed use  of any digital opera tor  requi res  manlmachine  
interact ion by means  of rapid display of the  digltal images.  A 
theore t ica l  picture i s  insufficient. 

As f o r  the  specific angiograms studied, it  became abun- 
dantly c l e a r  that digital subtract ion and c o n t r a s t  enhancement 
w e r e  useful methods that provided perceptual  extensions that 
w e r e  simply not possible with the unaided eye. Likewise, we 
demonstrated that ao r tograms  could be econornically analyzed 
and coded fo r  a therosc lerot ic  d i sease .  Of course ,  no  genera l  
conclusions could be drawn f r o m  this  pilot-level study; but we 
did acquire  much of the knowledge necessa ry  to  initiate plans 
f o r  a clinically useful  image -processing sys tem.  
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INTERDISCIPLINARY STUD1 ES ON THE DEVELOPMENT OF 
NUCLEAR-FUELED CIRCULATORY SUPPORT SYSTEMS : 

COLLABORATION OF INDUSTRY AND ACADEME 

John C. Norman, M.D. 

The purpose o f  t h i s  repor t  i s  t o  acquaint the Houston com- 
munity w i t h  spec i f i c  areas o f  ava i lab le  technology, both pub1 i c  
and pr ivate,  t o  demonstrate t o  indus t ry  how t h i s  technology may 
be acquired and put  t o  use t o  provide new and useful  services f o r  
man. Because as many o f  the par t i c ipants  are from mid and upper- 
leve l  management as from research and development, we have been 
asked t o  avoid excessive technical d e t a i l s  and t o  include the pro- 
cesses by which we acquired and e i t h e r  t ransferred o r  u t i l i z e d  
advanced technology . 

Much o f  the technology u t i l i z e d  i n  the development of nu- 
clear-fueled c i r c u l a t o r y  support systems i n  our laborator ies 
has evolved from industry,  NASA, and AEC; our p ro jec ts  involve 
rad ia t ion  biology, thermodynamics, energy t ransfers,  hemodynamics, 
hematology, pathology, and surgery. From the perspestive of what 
ex is ted i n  t h i s  area ten years ago, much has been accomplished. 
Much remains t o  be done and fu r the r  co l laborat ions are needed.* 

INTRODUCTION (ANTIQUIT! ES) 

A r t i f i c i a l  organs, both as ass i s t  and replacement devices, 
have a h i s t o r y  almost as ancient as t h a t  recorded o f  man. Before 
wer .ern c i v i l  i z a t i o n  began i t s  ascendancy w i t h  Socrates and Hip- 
pocrates, devices were being fashioned t o  replace por t ions of the 
body i n  Asia, India, and the Middle East. The ava i lab le  records 
do not  suggest t h a t  these modal i t i e s  o f  treatment were considered 
t o  be d i f f e r e n t  i n  any way from others then avai lab le.  Accepta- 
b i l  i t y  and u t i l i z a t i o n  have increased w i t h  the passage o f  time. 
Today, nonetheless, there i s  a ce r ta in  mystique regarding the 
poss ib i l  i t y  o f  implant ing f i ss ionab le  mater ia ls  i n  man t o  power 
a r t i  f i c i a l  i n te rna l  organs. For near ly  a decade now, our labora- 
t o r i e s  have been involved i n  these p o s s i b i l i t i e s  and t h e i r  physio- 
1. j i c ,  engineering, economic and socia l  impl icat ions. The 
~ n d e r l y i n g  theme o f  these inves t iga t ions  has been t o  determine the 
f e a s i b i l i t y  o f  implant ing nuclear-fueled energy sources t o  power 
t o t a l  l y  implantable c i r cu la to ry  support and/or heart  replacement 
devices. 



THE CONCEPT: 

The heart  i s  essen t i a l l y  a pump. The not ion  o f  bu i l d ing  an 
a r t i f i c i a l  hear t  should then no t  be new. Nearly four  decades ago, 
John Gibbon i n i t i a t e d  studies t o  b r i ng  t h i s  idea t o  r e a l i t y  by 
beginning t o  work on an a r t i f i c i a l  pump oxygenator. His techno- 
logy t rans fer  involved a successful and product ive co l labora t ion  
w i th  I B M  i n  Boston and Philadelphia. This temporary method o f  
bypassing the hear t  and lungs not  on ly  proved t o  be successful 
i n  animals, but  a lso i n  the f i r s t  human pa t i en t  t o  undergo suc- 
cessful  cardiopulmonary bypass i n  1953. By the  l a t e  19501s, use 
of cardiopulmonary bypass t o  support pa t ien ts  during in t racard iac  
surgery was widespread.** By 1960, workable cardiac valves and 
blood vessel prostheses were developed. These prostheses sup- 
ported the thesis  t ha t  small mechanical pumps might be designed, 
again invo lv ing  technology t ransfers,  f o r  implantat ion w i t h i n  the 
chest (o r  abdomen) as a temporary supportive mechanism o r  subst i -  
t u t e  for  the reve rs ib l y  o r  i r reparab ly  damaged heart. From the 
beginning, the concept o f  technology t rans fers  between germane 
d i s c i p l  ines was adopted and promulgated. 

THE MANDATE: 

When na t i ona l l y  coordinated inves t iga t ions  on impl antabl e 
c i r c u l a t o r y  support o r  replacement devices began, there was ample 
reason t o  doubt t ha t  workable devices could be developed. A t  
present, the idea i s  no longer far- fetched and fam i l i es  of systems 
have been evolved. Pneumatically d r iven impl antable l e f t  v e n t r i -  
cu l  a r  assi  s t  devices have undergone two recent federal reviews. 
Federal c r i t e r i a  f o r  va l i da t i on  o f  t h i s  fami ly  of devices p r i o r  t o  
use i n  man are being developed. Our labora tory 's  p a r t i c i p a t i o n  
i n  these p o l i c i e s  has been int imate.  Nuclear systems (v ide i n -  
f r a )  have been developed and implanted i n  animal s t o  demonstrate 
f e a s i b i l i t y .  This change i n  out look over a per iod o f  ten years 
i s  l a rge l y  a consequence o f  programs supported by the National 
Heart and Lung I n s t i t u t e ,  and, more recent ly,  the Atomic Energy 
Comnission. From the outset  they have involved m u l t i p l e  techno- 
logy t ransfers t o  and from industry,  medicine, cardiology, b io-  
medical engineering and surgery. More spec i f i ca l l y ,  i n  1963 the 
National Advisory Heart Council decided t o  give p r i o r i t y  t o  the 
development o f  an a r t i f i c i a l  heart, as d i d  the West German and 
Russian M in i s t r i es  o f  Health i n  1970-72. I n  1964, a f t e r  c l a r i f y -  
i n g  the needs w i t h  respect t o  mater ials,  d r i v i n g  mechanisms and 
cont ro l  systems, coordinated inves t iga t ions  i n  the areas o f  i m -  
p lantable c i r c u l a t o r y  ass i s t  and replacement systems were i n i t i a -  
ted. I n  1966, a systems analys is  approach was adopted t o  d i r e c t  
and coordinate the programs i n  order t o  make feas ib le  the optimal 
u t i l  i z a t i o n  of resources and technology t ransfers from medicine, 
the basic sciences, engineering, indus t ry  and systems management 
t o  implement and g ive impetus t o  these endeavors. 

U n t i l  1969, the programs focussed on the separate development 
of each component of c i r cu la to ry  support o r  replacement devices. 
That year, the d i r e c t i o n  s h i f t e d  somewhat i n  t h a t  e f f o r t s  were 



i n i t i a t e d  t o  in tegra te  devices and techniques, developed and de- 
veloping, necessary t o  evolve a complete, f u l l y  implantable, 
nuclear-fueled l e f t  ven t r i cu la r  ass i s t  device i n  order t o  create 
experimental models and a data base for  the development o f  subse- 
quent, more advanced prototypes. 

I n  an t i c i pa t i on  and subsequent support of t h i s  mandate, our 
e f fo r t s ,  w i t h  our en ineer ing colleagues, have heeo focussed on 
four  major areas: 1 3 the evaluat ion of the b io log i c  e f fec ts  o f  
chronic in t racorporeal  heat and radiat ion;  2) the development o f  
e f f i c i e n t  and r e l i a b l e  implantable nuclear engines; 3) in -v ivo  
evaluations i n  experimental animals of the biocompati b i l  i t y  o f  the 
various system components; and 4) inves t iga t ions  o f  the hemodyna- 
mic effectiveness of nuclear-fueled c i r c u l a t o r y  support systems 
i n  experimental animals. 

Three systems are cu r ren t l y  under invest igat ion;  each has 
undergone a ser ies o f  modif icat ions t o  improve overa l l  thermal - 
mechanical e f f i c i e n c i e s  and t o  decrease physiologic a1 te ra t ions  
r e s u l t i n g  from system size, intracorporeal heat and the physiolo- 
g i c  in te rac t ions  between the prostheses and the experimental 
animal s. 

ENGINEERING SPEC1 FICS (THERMAL ENGINES) 

Thermocompressor En i n e  ( AeroJet L iqu id  Rocket Corporation, Sac- 
ramento, _Pr Cal i fo rn ia  

The current  thermocompressor engine u t i l  izes a modif ied 
S t i  rl i n g  cycle. A1 te rna t ing  thermal expansion and contract ion o f  
helium gas dr ives  a p is ton  against a mechanical spr ing a t  a r a t e  
o f  16-20 Hz. The system pressure var ies between 185 and 215 ps ia  
during each cycle. An i n te rna l  gas regenerator a1 lows heat stored 
during depressurizat ion t o  be used during the next pressur izat ion 
stroke. A po r t i on  o f  the he1 ium volume o f  each high pressure 
stroke i s  del ivered t o  a h igh pressure accumulator. Gas i s  re-  
placed from a low pressure accumulator. The stored high pressure 
helium i s  released on signal t o  be appl ied v i a  a pneumatic actua- 
t o r  t o  the blood pump. Modi f icat ions i n  the engine and the pump 
actuator contro l  l e r  have increased the engine eff ic iencies. The 
current  e f f i c i e n c y  i s  16.2%. Component re1 i a b i l i t i e s  have a lso 
been improved. Successive major design a1 te ra t ions  of i n -v i vo  
tested engines are l i s t e d  i n  Table I. Engine power output i s  
approximately 8 watts. The engine module weighs 3.7 kg and d i s -  
places 1.5 l i t e r s .  

Modified S t i r l  i nq  Cycle Engine (Donald W .  Douglas Laboratories, 
Richland, Washington) 

This modified S t i r l  i ng  cyc le engine uses a thermodynamic 
cycle s i m i l a r  t o  the thennocompressor engine. A1 te rna t ing  thermal 
expansion and contract ion o f  helium dr ives a p i s ton  against a 
crank and flywheel. This engine operates a t  20-25 Hz. a t  pres- 
sures o f  200 t o  240 psia. Pressure i s  stored i n  a hydraul ic pres- 
sure accumulator. This pressure i s  released on signal and 



t ransferred t o  a hydraul ic actuator on the blood pump. The speci- 
f i c  design modifications are presented i n  Table 11. The engine 
module weighs 4.7 kg and displaces 3.0 1 i ters.  The engine power 
output i s  5 watts. 

T idal  Regenerator Enqine (Thermo-Electron Research and Development 
Center, Wal tham, Massachusetts) 

The t i d a l  regenerator engine converts thermal energy t o  power 
by a1 te rnat ing  vaporizat ion and condensation o f  water. A small 
e l e c t r i c  torque motor displaces 0.2 m l  o f  water i n t o  a b o i l e r  and 
superheater. Vaporization o f  approximately 0.01 6 m l  o f  water pro- 
duces a pressure o f  130 p s i  w i t h i n  the 3.5 m l  displacement o f  the  
engine. This pressure i s  t ransferred through hydraul ic l i n e s  t o  
the blood pump. The advantages o f  t h i s  engine include operat ion 
a t  b io log ic  heart  rates and absence o f  valves, s l i d i n g  seals and 
pressure accumulators. E l e c t r i c  power f o r  the d i  splacer torque 
motor and contro l  l o g i c  i s  derived from an integrated themo- 
e l e c t r i c  module. Since the f i r s t  in -v ivo  t e s t  o f  t h i s  system, 
various design modi f icat ions have been made resu l t i ng  cn higher 
engine e f f i c i enc ies  of 9.5%. These modi f icat ions are >numerated 
i n  Table 111. The current  engine module weighs 4.1 kg and d i s -  
places 1.75 1 i t e r s .  The engine power output i s  2.75 watts o r  
0.0037 hp. 

THE BLOOD PUMP 

The l e f t  vent r icu lar  ass is t  pump i s  a pusher-plate actuated 
r o l l i n g  diaphragm type pump. Blood i s  accepted from the apex of 
the l e f t  ven t r i c le  and ejected i n t o  the descending thoracic aorta. 
The blood contact ing surfaces are f locked w i t h  a layer  o f  poly- 
ester  f i laments 10 m i l s  long and 1 m i l  i n  diameter, appl ied w i t h  
a densi ty  of 150 filaments per mn2. This f locked in ter face pro- 
motes a rap id  deposit ion o f  red blood ce l ls ,  p la te le ts ,  and f i b r i n  
which provides a stable, blood-compatible neointima, res i s tan t  t o  
mechanical and thermal stresses. The pump incorporates a Ha l l -  
e f fec t  sensor, a l i n e a r  volume displacement transducer o r  a s t r a i n  
transducer f o r  pos i t i on  sensing and a blood-cooled heat exchangnr 
for  d iss ipa t ion  o f  r e j e c t  heat. Modif icat ions have been made i n  
the current  pusher-plate pump t o  improve hemodynamic e f f i c i e n c y  
and t o  reduce size. Previously u t i l i z e d  s i l a s t i c  disc valves have 
been replaced by valves which incorporate a hingeless t i l t i n g  
p y r o l y t i c  carbon d isc i n  a t i tan ium body. These valves have a 
centra l  flow conf igurat ion w i th  low gradients and low pro f i les .  
The pump canpl iance bag, which prevents a i r -spr ing  e f fec ts  w i th in  
the thoracic cavi ty ,  i s  cu r ren t l y  f i l l e d  w i th  d i s t i l l e d  water 
ra ther  than a i r  t o  minimize leakage. 

IMPLANTATION TECHN I O , U J  

Calves weighing between 95 and 120 kg are anesthetized w i th  
halothane-ni trous oxide-oxygen using a high flow, non-rebreathing 
system and intubated w i t h  ari om-tracheal tube. Vent i la t ion  i s  



maintained w i t h  a volume cycled Ohio 560 resp i ra tor .  Anesthesia i s  
continued i n  the 1 i gh tes t  possible plane w i t h  i n te rm i t t en t  halo- 
thane supplemented by gallamine t r i e t h i o d i d e  fo r  muscle re laxat ion.  
A r t e r i a l  and venous cutdowns and tracheostomy are performed. A 
l e f t  thoracotomy and l e f t  transverse celiotomy are made. A s i x -  
centimeter length o f  20 inn Dacron tube g r a f t  i s  a n a s t o ~ s e d  end-to- 
side t o  the descending thoracic  aorta. A double row o f  stay 
sutures i s  placed i n  the centra l  tendon o f  the l e f t  hemidiaphragm, 
avoiding the phrenic nerve. An i nc i s ion  i s  then made i n  the d ia-  
phragm between these sutures. Through the abdominal inc is ion,  two 
2 cm wide nylon velour  s t r i p s  are passed around the l e f t  twe l f t h  
r i b  cephalad and tendon o f  the il iopsoas muscle caudad. 

The c i r cu la to ry  support system i s  fueled w i t h  a 50-watt p lu -  
tonium-238 fue l  capsule+ w i t h  observation o f  s t r i c t  rad ia t i on  
safety procedures. The pusher-plate pump i s  passed i n t o  the ab- 
dominal inc is ion,  through the diaphragm and i n t o  the chest. The 
engine module, connected t o  the pump by i t s  d r i v e  l ines ,  i s  placed 
i n t o  the abdomen and secured w i t h  the prev iously  placed nylon 
s t r i ps .  Before manipulation o f  the heart, 200 mg o f  l idoca ine  are 
given intravenously and an i n fus ion  o f  1 idocaine 1 mglminute i s  
begun. During cardiac manipulation, a o r t i c  systo l  i c  pressure i s  
maintained above 140 mnHg by a slow intravenous in fus ion  of metar- 
amino1 . 

A Dacron f e l t  sewing r i n g  i s  sutured t o  the apex of the l e f t  
vent r ic le .  A small ap ical  i n c i s i o n  i s  made and a Foley catheter  
i s  passed i n t o  the l e f t  ven t r i cu la r  cav i t y  u t i l i z i n g  a cent ra l  
s t y l e t .  The Foley bal loon i s  i n f l a t e d  w i th  sa l i ne  and a cib-cular 
core o f  apical myocardium i s  excised, using a c y l  i n d r i c a l  knife. 
Hemostasis i s  secured by gent le  withdrawal pressure on the Foley 
catheter balloon. The pusher-plate pump i s  connected t o  the out-  
flow tube g r a f t  and primed w i t h  sal ine. Under a C02 atmosphere, 
as the Foley balloon i s  de f la ted  and withdrawn, the pump inf low 
tube i s  rap id l y  passed i n t o  the l e f t  ven t r i cu la r  c a v i t y  and se- 
cured w i t h  a purse-st r ing suture around the s i l a s t i c  flange of the 
f e l t  sewing r i n g  and the engine i s  started. The pump i s  sutured 
t o  the diaphragm and the diaphragmatic i n c i s i o n  i s  closed around 
the d r i v e  l i nes .  

POST- IMPLANTATION MONITOR I NG 

Central a o r t i c  and r i g h t  a t r i a l  pressures are monitored w i t h  
f l u i d - f i l l e d  catheters attached t o  Hewlett-Packard 267BC t rans-  
ducers. The l e f t  ven t r i cu la r  pressure i s  obtained w i t h  a Konigs- 
burg P I  0-D transducer introduced i n t o  the ven t r i cu la r  cav i t y  by 
d i r e c t  puncture. L e f t  ven t r i cu la r  dP/dt i s  determined by cont in-  
uous e lec t ron ic  d i f f e r e n t i a t i o n .  Pump f i l l i n g  and e jec t i on  i s  
recorded from a pos i t i on  sensor incorporated on the pusher-pl ate. 
Permanent recording i s  obtained w i t h  a Hewlett-Pachard 7700 e igh t -  
channel s t r i p  recorder and a Hewlett-Packard seven-channel magnet- 
i c  tape recorder. Continuous hemodynamic analyses are performed 
w i th  an on- l ine Hewlett-Packard 56908 cardiac ca the ter iza t ion  
computer interfaced w i t h  the eight-channel recorder. Engine 
temperatures are moni tored during t i d a l  regenerator experiments 



w i t h  chrome1 -a1 umel thermocouples placed on the b o i l e r ,  i s o l a t i o n  
cy l i nde r  o i l  and the  h o t t e s t  p o r t i o n  o f  t he  thermoelect r ic  module. 
Cold- j unc t i on  re ference temperatures are obtained w i t h  a thermi s- 
t o r  placed on the  thermocouple terminal  s t r i p .  I n  S t i r l i n g  cyc le  
engine experiqents, thermocouples are placed on the ho t  end near 
the f u e l  capsule, the valve head and the  working f l u i d .  Thermis- 
t o r s  are placed a t  i n t e r v a i s  on the sur face o f  the  engine module. 
I n  a l l  experiments, recta1 temperatures a re  monitored from a t he r -  
m i s to r  probe w i t h  a Ye1 low Springs Instruments Telethennometer. 

RESULTS 

Hemodynami cs 

Hemodynamic f unc t i on  o f  a nuc lear- fue l  ed card iac a s s i s t  de- 
v i ce  dur ing representat ive i n - v i vo  experiments (HI 22N and H I  86N) 
i s  i l l u s t r a t e d  i n  Figures 1, 2, 3 and 4. Peak a o r t i c  pressure i s  
phase-shi f ted i n t o  d i a s t o l e  and increased. L e f t  v e n t r i c u l a r  peak 
pressure i s  decreased, 37% (Figures 1 and 2). L e f t  v e n t r i c u l a r  
end-diastol  i c  pressure i s  decreased, 62% (F igure 3).  L e f t  v e n t r i -  
c u l a r  dP/dt i s  decreased, 49% (F igure 4) .  Dur ing t h i s  experiment 
the  pump s t roke  vo l  ume averaged 96 t 6 ml . The average pump r a t e  
was 62 t 4 beatslmin. This l e f t  v e n t r i c u l a r  a s s i s t  system main- 
ta ined  an average minute output  o f  5.96 + 0.33 l i t e r s .  I n  order  
t o  evaluate the e f fec t i veness  o f  t h i s  nuc lear- fue led card iac 
a s s i s t  device i n  meeting vary ing phys io log ic  demands, a vaso- 
pressor agent (metaraminol ) was given by intra-venous in fus ion .  
The pusher-plate pump was ab le  t o  ma in ta in  systemic per fus ion  
against  increased per iphera l  resistance. Systemic blood pressure 
increased from 118 mnHg s y s t o l i c  t o  190 mnHg s y s t o l i c  wh i l e  l e f t  
v e n t r i c u l a r  peak pressure increased from 65 t o  80 mmHg (F igure 5). 
Le f t  v e n t r i c u l a r  end-d ias to l i c  pressures remained we l l  below con- 
t r o l  l e v e l s  (F igure 6) . S i g n i f i c a n t l y ,  l e f t  dP/dt, which had 
been markedly reduced by the  a s s i s t  pump, d i d  n o t  increase i n  
the presence o f  a1 pha and beta-adrenergic s t imu la t i on  (F igure 7). 

The e f f e c t s  o f  myocardial ischemia on l e f t  v e n t r i c u l a r  a s s i s t  
device f unc t i on  have a l so  been evaluated. A t  the  t ime o f  s a c r i -  
f i c e  o f  H-186N, branches o f  the l e f t  a n t e r i o r  descending coronary 
a r t e r y  were s e r i a l l y  l i g a t e d  u n t i l  a s i g n i f i c a n t  increase i n  l e f t  
v e n t r i c u l a r  end-d ias to l i c  pressure was obtained. I n  t he  absence 
of ca rd io ton ic  drugs, the nuc lear- fue led card iac a s s i s t  system was 
able t o  e leva te  the depressed systemic blood pressure t o  near nor- 
mal l e v e l s  wh i l e  reducing l e f t  v e n t r i c u l a r  peak pressure, 59% 
(F igure 8).  The elevated l e f t  v e n t r i c u l a r  end -d ias to l i c  pressure 
was decreased, 86% (F igure 9). L e f t  v e n t r i c u l a r  dP/dt was reduced 
60% (Figure 10). 

Biochemi s t r y ,  Hematology and Coagulation 

Hematologic values have remained w i t h i n  l i m i t s  estab l ished 
as normal f o r  t h i s  species w i t h  the except ion of p l a t e l e t  counts 
which showed an immediate r i s e ,  r e t u r n i n g  t o  normal w i t h i n  twenty- 
four hours. Prothrombin and p a r t i a l  thromboplast in times were 



m i l d l y  prolonged throughout the experiments. Renal funct ion,  as 
r e f l e c t e d  by blood urea n i t r ogen  and serum c r e a t i n i n e  l e v e l s  was 
no t  impaired. Serum a1 k a l  i n e  phosphatase, l a c t a t e  dehydrogenase 
and g l  utamic-oxaloacet ic transaminase l e v e l s  were markedly e levated 
throughout the experiments. B i l i r u b i n  l e v e l s  showed a s l  i g h t  
progressive r i s e .  I n  examining these trends, 1 ow sample numbers 
and terminal  va r i a t i ons  must be considered. No cons is ten t  t rends 
were seen i n  s e r i a l  plasma hemoglobin leve ls .  Several f ac to r s  
in f luence  hemolysi s ra tes.  These inc lude  turbulence i n  the pump 
(beat ra te ,  s t roke  volume), type of p ros the t i c  valves used, tem- 
perature of the heat exchanger and the amount o f  blood transfused 
dur ing and a f t e r  surgery. 

Temperature 

Engine and animal core ter,;peratures obtained dur ing  a repre- 
sen ta t i ve  experiment (H197N) are  presented i n  Table I V .  The 
r e c t a l  temperature d i d  no t  exceed 1020 F. 

SUMMARY 

Nuclear-fueled c i r c u l a t o r y  support systems have been i m -  
p lanted i n  15 ca lves w i t h  su rv i va l  up t o  175 hours. These exper i -  
ments are sumnarized i n  Table V. Mechanical mod i f i ca t ions  have 
been made t o  improve system e f f i c iency  and reduce heat losses t o  
the surrounding t issues.  Engine e f f i c i e n c i e s  have been increased 
p r i m a r i l y  by two methods: reduct ion o f  s t a t i c  heat losses and 
improvement of thermal regenerators. The nex t  generat ion o f  en- 
gines have predic ted e f f i c i enc ies  i n  excess o f  15 percent. 

These developments of  t o t a l l y  implantable nuc lear- fue led 
c i r c u l a t o r y  support systems could be o f  considerable va1 ue i n  the 
management o f  c e r t a i n  pa t i en t s  w i t h  severe myocardial disease. 
Such endeavors are prime examples o f  m i  ss ion-or iented research 
which present a ser ies  of complex mu1 t i d i s c i p l  i n a r y  problems. 
Each must be solved simultaneously w i t h i n  severe weight and vo l -  
ume cons t ra in ts .  Each requi res the  development o f  new technolo- 
g ies and mu1 t i p l e  technology t rans fe rs .  Each invo lves a mu1 ti- 
p l i c i t y  o f  p a r a l l e l  approaches, some rewarding and some 
unrewarding. The i n t e g r a t i o n  of b i o l o g i c  and phys ica l  d i s c i p l i n e s  
which t r a d i t i o n a l l y  have no t  been i n te r f aced  i s  a s ine qua non. 
A f u r t h e r  p re requ i s i t e  i s  cont inu ing cooperat ion and i n t e r a c t i o n  
between federa l ,  u n i v e r s i t y  and i n d u s t r i a l  i n t e res t s .  Very e a r l y  
i t  became apparent t h a t  the  problems presented by such an t i c i pa ted  
goals were [and are]  of such magnitude t h a t  they could no t  be 
solved by a s i ng le  agency, i ndus t r y  o r  labora to ry .  I n  add i t ion ,  
the usual step-by-step time-sequence approach f o r  the development 
o f  such systems i s  e s s e n t i a l l y  untenable. As a r e s u l t  o f  these 
considerat ions, we have employed a mod i f ied  systems ana lys is  and 
development approach i n  which a1 1 subsystems a re  considered con- 
cu r ren t l y .  Conceptual design, development and i n - v i v o  t e s t i n g  a re  
achieved by the coordinated e f f o r t s  o f  many ind iv idua ls ,  d i s c i -  
p l  ines and inves t iga to rs .  I f  the momentum t h a t  has been developed 
over the past decade can be maintained, and i f  we can solve i n  
s i m i l a r  fash ion problems which we thought were i nso lub le  s i x ,  



seven and e igh t  years ago i n  the manner which we have thus f a r  
achieved, i t  i s  q u i t e  possible t h a t  nuclear-fueled c i r cu la to ry  
support systems could become c l i n i c a l  r e a l i t i e s  by the end of 
t h i s  decade; i t  may we1 1 be the end o f  the fo l lowing decade. We 
welcome you t o  v i s i t  our laborator ies t o  discuss and perhaps par- 
t i c i p a t e  i n  these co l labora t ive  technology t rans fe r  and inves t i -  
gat ive e f fo r t s .  
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FOOTNOTES 

*The r e s u l t s  o f  these e f f o r t s ,  thus f a r ,  a re  ava i l ab l e  
through the Medical Devices App l i ca t ions  Program, Nat ional  Heart 
and Lung I n s t i t u t e ,  Cardiovascular Devices Branch, D i v i s i o n  o f  
Heart and Vascular Diseases, Nat iona l  I n s t i t u t e s  o f  Health, Bethes- 
day Maryland, 20014. Reports TE 66-67, 25-68, 199-68, 107-69, 
12-70, 130-70, 5-71, 158-71, and 122-71 a re  o f  i n t e r e s t .  Proposals 
21-70 and 33-70 are r e l a t i v e l y  comprehensive. Reports 97-69, 
106-69, 117-70, 118-71, 67-71, 150-71, 3-70, 6-72 and 25-72 a re  
cu r ren t .  Spec i f i ca t i on  70-71 i s  o f  p a r t i c u l a r  i n t e r e s t .  ?eports 
TH 43-68-1455-3, 4 and 5 a re  most recent .  I n  a l l  Rare than i 3  
i nd i v i dua l  documents from our l abo ra to r i es  and those o f  our  en- 
g ineer ing col leagues i n  Waltham, Massachusetts, Sacramento. 
C a l i f o r n i a ,  and Richland, Washington, a re  a v a i l a b l e  t h r o u ~  ? 

Nat ional  Technical In format ion Service, U.S. Department. of  . 

merce, Sp r i ng f i e l d ,  V i r g i n i a  221 51. These repo r t s  describe .; 
d e t a i l  a cont inu ing ser ies  of i n ves t i ga t i ons  t h a t  have been 
undertaken t o  focus on s p e c i f i c  re levan t  problems and t o  evalve 
workable so lu t ions .  I n  b r i e f ,  these inc lude  1 )  the development 
o f  a compact, t o t a l l y  implantable blood pump which propels  the  
blood e f f i c i e n t l y  w i thou t  tbrombosi s o r  damage; 2) t he  develep i~~ent  
o f  implantable nuc lear  engines compatible w i t h  the pump; 3 )  the 
development o f  methods t o  d i ss i pa te  excess heat from the engioes; 
4) the de1~elopment o f  methods t o  couple e f f i c i e n t l y  the  engine 
and the  pump; 5) development o f  an an t i c i pa ted  long-term (10 year )  
data base regard ing the i n - v i vo  e f f e c t s  o f  prolonged i n t r aco rpo r -  
eal  i r r a d i a t i o n ;  6)  the development o f  nuc lear  hand1 i n g  technology; 
7) the s t a r t - up  o f  procedures o f  pro to type nuc lear - fue led  c i r c u l a -  
t o r y  support systems w i t h  the necessary imp lan ta t ion  technics,  and 
8) i n i t i a l  i n - v i vo  t e s t i n g .  

**This year, more than 50,COO pa t i en t s  w i l l  undergo the  
re1 a t i v e l y  new coronary a r t e r y  bypa's procedures i n v o l v i n g  use 
o f  the hear t - lung machine. 

1. 
Donald W. Douglas Laborator ies,  Richland, Washington. The 

50-watt Pu-238 fue l  capsule i s  1.28 inches i n  diameter, 2.0 inches 
i n  leng th  and has a mass o f  472 grams. The capsule temperature i s  
approximately 1000". The 124 grams o f  substo ich iometr ic  (PuOl 8) 
plutoniuni oxide f ue l  i s  pressed and s i n te red  t o  77 percent o f  
t heo re t i ca l  dens i ty .  A iow neutron emission r a t e  o f  2.9 x 105 
neutronlsec (corresponding t o  2720 neu tronslsec-gm Pu) i s achieved 
by enr i ch ing  the plutonium w i t h  Oxygen-16. The f u e l  p e l l e t  i s  
t r i p l y  encapsulated i n  t a n t a l  um, T-1 11 and Platinum-20% Rhodium. 
This heat source i s  designed t o  surv ive a maximum c red ib l e  acc i -  
dent (2400° F temperature) w i t h i n  f i v e  years a f t e r  encapsulat ion.  

Capsule qua1 i f i c a t i o n  t e s t s  included: 1)  i n t e r n a l  pressure 
(up t o  6000 p s i  a t  23000 F ) ,  2) ex terna l  pressure (3000 ps:' f o r  15 
min. 1, 3 )  crush (70,000 l b .  f o r  1 hour) ,  4 )  impact (120 f t - l b ) ,  
5) puncture ( 4 4  fps onto 118 inch  diameter p i n )  and 6 )  shear 
(10,000 l b .  f o r  1 hour), as we l l  as 7) f i r e / co r ros i on ,  8)  thermal 
shock, 9 )  f ree  drop, 10) water immersion, and 11 ) thermal exposure. 
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Figure 1. Representative physiologic t r a c i n g  from 
in-v ivo nuclear fueled c i r c u l a t o r y  support system ex- 
periment. Note t h a t  wh i le  l e f t  v e n t r i c u l a r  peak pressure 
i s  markedly reduced, systemic blood pressure i s  maintained. 
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Figure 2. E f fec t  o f  nuclear  powered pusher-platc pump 
on a r t e r i a l  and l e f t  v e n t r i c u l a r  s y s t o l i c  pressures. 
LV peak pressure i s  decreased 37%. 



Figure 3. Ef fects o f  pusher p l a t e  pump on l e f t  ventr i -  
cular end-diastol i c  pressure. LVEDP i s  decreased 62%. 
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Figure 4 .  Effect o f  cardiac  a s s i s t  system on l e f t  
v e n t r i c u l a r  dP/dt. LV dP/dt i s  reduced 49%. 



Figure 5. Effects o f  nuclear powered circulatory support 
system on a r te r ia l  and LV systolic pressures during stlmu- 
1 atlon w i  t h  aramine (metaramf no1 ) . The pump supports the 
systemic circulation against Increased peripheral resist-  
ance; LV unloading i s  marked. 
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Figure 7. E f fec t  o f  nuclear fueled c i r c u l a t o r y  support 
system on LV dP/dt during aramine (metaraminol) stimula- 
t ion .  The beta-adrenergic e f f e c t  o f  the vasoprersor i s  
n o t  re f l ec ted  i n  dP/dt. 



Figure 8. Effects of pusher-plata pump on LV and systemic 
peak pressures during coronary occlusion. A r t e r i a i  pres- 
sure i s  returned t o  nonnal leve ls  with marked ventr icular  
unlodding. 



Figure 6. Ef fects  o f  nuclear  powered pusher-plate pump 
on LVEUP during arami ne (metarami no1 ) in fusion.  LVEDP 
remains low. 
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Figure 9. Ef fects o f  nuclear fueled L V  ass is t  device on 
LVEDP during coronary occlusion. The elevated EDP i s  
markedly reduced. 
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Figure 10. Effects of nuclear powered circulatory support 
system on LV dP/dt  during coronary occlusion. The reduced 
dP/dt  i s  further lowered 602.  



SPACE *ECHNOMSY IN R W T E  HEALTH CARE 

Norman Belasco 

INTRDDLJCTION 

Crewmen and passengers on fu tu re  long-duration ea r th  o r b i t a l  
and in t e rp l ane ta ry  missions must be provided q u a l i t y  hea l th  serv- 
i c e s  - t o  combat i l l n e s s e s  and acc identa l  i n ju r i e s ,  and f o r  rout ine  
preventive care. Ear th  o r b i t a l  missions w i l l  have the capab i l i t y  
f o r  easy r e tu rn  t o  ea r th  but i n t e rp l ane ta ry  miscions w i l l  not. 
Accordingly, t h e  long-dur~t ion  manned mission w i l l  l i k e l y  require  
t ha t  some members of the  crew be s p e c i a l l y  t ra ined  - such as a 
physician's a s s i s t a n t ,  hosp i t a l  corpsman, nurse, o r  perhaps a 
gnysician - but  i n  any case, t he  responsible  individual  onboard f o r  
hea l th  care  serv ices  must be ab le  t o  consul t  with t he  ground and 
obta in  spec ia l  a s s i s t ance  and/or supervision t o  assure qua l i t y  
care. SPECIFICALLY, WE MUST DETERMINE THE MIST EFFECTIVE MAY TO 
ADMINISTER HEALTH CARE TO A REMOTELY LOCATE3 KIPULATION. 

Many s i m i l a r i t i e s  e x i s t  between administering qua l i t y  hea l th  
care  i n  a spacecraf t  and administering the  same care  t o  a remote 
population on ear th.  In  remote a reas  Jn ear th,  t h e  physician and/ 
o r  a l l i e d  hea l th  personnel must administer hea l th  care under con- 
d i t i o n s  t h a t  a r e  not  usua l ly  optirmun (i.e., l imi ted  cl l n i c  1 
equipment, l ack  of adequate su rg i ca l  ?nd therapeut ic  f a c i l i t i e s ,  
coupled with t h e  l imi ted  a b i l i t y  t o  c o ~ s u l t  w i t h  spe: ia l is ts) .  The 
medical information obtained from &.n abrormal electrocardiogram 
(ECG) on a crewman i n  a spacecraf t  and communicate3 t o  the ground 
may be nearly i d e n t i c a l  t o  t h a t  obtained from t h e  ESG of  a pa t i en t  
i n  a remote loca t ion  on ea r th  and +.ransmitted to a medical center.  
A high-resolution t e l eq - i s ion  presenta t ion  of an x-ray p i c t u r e  of a 
f r a c t u r e  from a crewman i n  space might be transmitted and evaluated 
the  same a s  an x-ray obtaired and t ransmit ted from a remote loca- 
t i o n  on earth.  

We must determine +,he p robab i l i t y  of i l l n t s s e s  and i n j u r i e s  
and provide procedures, equipment, instruments, and pharmaceuticals 
t a  diagnose and t r e a t  thsm. We must ciefin? the  medical and 
su rg i ca l  s k i l l  required c f  the  onboard a l l i e d  hea l th  perscnnel and/ 
o r  physician-astronaut . We a l so  n i t ~ s t  2 s t e m i n e  the extent  of 
guidance t h a t  can be given i n  handling ser ious  sed ica l  emergencies 
by two-way voice communication and vehicle-to-ground te lev is ior .  
l inks .  For example, it can be expected t h a t  t he  onboard physician 
w i l l  be guided through emergency suzgerg, s t e p  by s tep ,  by a f u l l y  
qua l i f ied  surgeon v i a  the  TV-voice l i n k ,  whenever ground contact  is  
possible.  

S igni f icant ly ,  the communication and da t a  processing systems 
required on long-duratioa space inissions may a lso  be s imi la r  t o  
t ha t  require2 f o r  a remote hea l th  serv ices  system on tne  ground. 
Thus, operation of a " t e s t  bed" healt,h care  system i n  selected 
remote loca t ions  on eart3 i s  intended t o  provide a reasonable sim- 
u l a t i o n  f o r  gathering information eppl icable  t o  a f l i g h t  system's 



design. This approach has "spin-offn potential ,  i n  t h a t  apace 
technology employed i n  the  basic design of a f l i g h t  system may be 
extremely beneficial  t o  improving the qua l i ty  of heal th care 
del ivery on earth. 

Citizens of remote areas on ourth face an ever-increasing 
problem of acquiring qua l i ty  heal th care. This problem r e s u l t s  
from n a t i ~ n a l  shortages of trained physicians, remote areas being 
unable to  a t t r a c t  new physicians, geographical d ispersa l  of 
populations and medical capabi l i t ies ,  among other  reasons. A sys- 
tem which gives physicians (without physical ly being present)  the  
capabil i ty to  administer qual i ty  heal th care t o  pa t i en t s  i n  remote 
areas may provide a sa t i s fac to ry  solution. 

A s  a r e su l t  of these considerations, the National Aeronautics 
and Space Administration - with the  cooperation of the  Department 
of Health, Education and Welfare - is  pursuing a program f o r  an 
earth-based remote area heal th services system a s  a necessary s tep  
t o  development and ve)lfSa$tion of a remote 1-ealth services space- 
c r a f t  capability. The content of this demonstration program is 
described on succeeding pages. 

THE STARPAHC PROGRAM: ASSEMBLY OF A GEIDUND-BASED RPiOTE AREA 
HEALTH CARE DELIVERY SYSTEN AND OPERATION FOR 'IWO YEARS I N  A KEMOTE 
MCATION 

Objectives 

To provide data  f o r  developing heal th care f o r  fu ture  manned 
spacecraft through : 

- Further development of the  physician-paramedic l i n k  
- Clinica l  evaluation of advanced bioinstrumentation - Development of computer support f o r  nremoten heal th care 
- Integrat ion of video viewing and display devices - Def-ition of s k i l l s ,  t ra in ing and procedural requirements - Evaluation of exis t ing  techniques f o r  space applicat ion - Ident i f ica t ion  of technology advancement need areas - Refinement of protocols and techniques 

To improve the  del ivery of heal th  care t o  remote areas on 
earth through : 

- Improved communication methods - Mobile health c l i n i c  - Advanced heal th care equipment 
- Computer a ids  
- Assistance t o  a l l i e d  heal th professionals and health 

education programs 



Definition and Design 1 1 1  
Assembly, Inntallation 
and Testing 

S j s t ~  Oparations and 
Evaluation 

THE SITE : THE PAPAGO INDIAN RESERVATION, AFUZOIJA 

Continuation b y m  

The Papago s i t e  was se lec ted  by HEW and NASA based on many 
reasons, including the  community1 s wil l ingness  t o  support the  cos t  
of the system a f t e r  the  t e s t  period i s  completed, and its willing- 
ness  t o  accept primary care  f r o m  physician's a s s i s t an t s .  Arizona 
i s  one of 28 s t a t e s  which does not p roh ib i t  using physician s 
a s s i s t an t s .  Beneficiar ies  w i l l  be the  8-10 thousand permanent res- 
i den t s  of 75 v i l l a g e s  in the  Papago reservat ion,  and a l s o  the  2-4 
thousand who l i v e  outs ide  the  reserva t ion ' s  boundaries but  re turn  
t o  the reservat ion f o r  hea l th  care. The t r i b e  governs i t s e l f  
through a t r i b a l  council  and has complete pol ice  j u r i sd i c t ion  on 
the  reservation. Average family s i z e  is  4.8 persons with a median 
age of 2l years. 

I 

The Papago reserva t ion  covers approximately 6,923 square kilo- 
meters (4,300 square miles)  west of Tucson and south of Phoenix 
(f ig .  1 )  with the  Mexican border on its south boundary. The reser-  
vat ion i s  i n  t he  Sonora Desert - a rough, dry t e r r a i n  with in te r -  
mi t ten t  mountain c lus t e r s .  U t i l i t i e s ,  where avai lable ,  a r e  f a i r  t o  
poor i n  qual i ty .  Power outages of s i x  hours o r  more a r e  a frequent 
occurrence i n  J u l y  and August, even a t  S e l l s  and Santa Rosa, the 
"big c i t ies . "  Vil lages have wells which provide water needed f o r  
subsistence. Highways a r e  asphal t  surfaced while o the r  roads a r e  
pr imari ly  dusty, unpaved and bumpy which can be hazardous immedi- 
a t e l y  a f t e r  rainstorms. The main indus t ry  is r a i s i n g  c a t t l e  with 
l i t t l e  farming, and the  average income is  approximately $900. 

I 

H E N I S  Indian Health Service administers hea l th  cars  on t h e  reserva- 
t i o n  th rougha  hosp i t a l  a t  S e l l s  and a part-time c l i n i c  a t  Santa 
Rosa. A l a rge ,  well-equipped Indian Health Hospital  is  a l s o  i n  
Phoenix with many s p e c i a l i s t s  on the  s t a f f .  I n  t h e  STARPAHC system 
( f ig .  3 ) ,  S e l l s  and Santa Rosa have been selected a s  key elements 
f o r  the  Support Control Center (SCC) and the  Local Health Services 
Center (LHsC), respect ively.  Also, t he  Phoenix hosp i t a l  i s  the  
Primary Referral  Center (PRC). For hea l th  care  serv ice  t o  remotely 
located v i l lages ,  t h i s  program w i l l  use a Mobile Health Unit (MHU), 
a well-equipped vehicle-type c l i n i c  f a c i l i t y  s t a f f ed  by physician 's  
a s s i s t an t s .  These system elements a r e  described i n  more d e t a i l  on 



subsequent pages. 

Figure 1. Papago Indian Reservation. 

Figure 2. Quijotoa Mcuntain Range. 



MICROWAVE 12-WAY SHARED TV 
PLUS 2-WAY VOlCC k DATA) 

(VOICE L DATA) 

Dl ClTAL DATA 

SELLS HOSPITAL IHSSCCl 

Figure 3. System Configuration. 

SYSTEM CONFIGURATION 

The STARPAHC systsm synthesizes a s e r i e s  of bas ic  f a c i l i t i e s ,  
se rv ice  elements and supporting funct ions i n t o  an operating system. 
Figure 3 presents  the system configuration consis t ing pr imari ly  
of:  

1. The Health Services Support Control Center (HSSCC o r  sCC) 
is  located i n  one wing of the S e l l s  Hospital  and i s  analogous t o  
our Mission Control Center. It w i l l  be s t a f f ed  by physicians and 
a system operator.  

2. A Local Health Services Center (LHSC) i s  the Santa Rosa 
Clinic.  It w i l l  bc s ta f fed  by a physician 's  a s s i s t a n t  and w i l l  
function a s  a fixed remote c l in i c .  

3. Tne Mobile Health Unit (MHU) i s  a c l i n j c a l l y  equipped van- 
t n e  vehicle  which i s  s ta f fed  with a physician's a s s i s t a n t  and a 
laboratory technician. It functions a s  a remote mobile c l i n i c ,  
v i s i t i n g  v i l l ages  on a pre-selected route  and schedule, 

46 Tne Phoenix Referral Center (PRC) i s  a dedicated room i n  
the Indian deal th  Service Hospital i n  Phoenix f o r  access t o  
s ? e c i d i s t s ,  through audio and slow-scan t e l ev i s ion  l i n k s  with SCC, 
LHSC and MHU. 

5. The Tucson Computer Center (TcC) provides STARPAHC data  
system access t o  the IHS Health Information System data  base. 

6. The Quijotoa Relay S ta t ion  (QR.7) is used f u r  microwave and 
VHF transmission of te lev is ion ,  voice and da ta  between major system 
elements . 



7. The Telecare Unit (sometimes ca l led  PAM, f o r  Portable  
Ambulance Module) i s  a suitcase-size por tab le ,  ambulance-carried 
se lec t ion  of medical equipment f o r  emergencies and house c a l l s  t o  
bedridden pa t ien ts .  

SYSTEM OPERATION 

The bas ic  operat ional  f ea tu re s  of t h e  STARPAHC system are: 

Medically-trained Community Health Medics (CHMS ) , common- 
l y  known a s  "physician's ass i s tan tsn ,  a r e  a t  the  f ixed  c l i n i c  
(LHSC) and mobile c l i n i c  (MHII). These CHMs administer hea l th  care  
t o  pa t i en t s  under t he  d i r e c t  supervision of  physicians who a r e  
miles away a t  t he  S e U s  Hospital  (SCC). The CHMs a r e  l inked t o  t he  
physician through rad io  and TV hookups, enabling the  physician t o  
view the  pa t i en t  o r  h i s  a f fec ted  body area ,  x-rays, microscope 
s l i des ,  e tc .  Simultaneously, descr ip t ions  and responses t o  t he  
physician's quest ions (by the CHM and the  pa t i en t )  can take place 
v i a  the  radio l ink .  This i n  e f fec t  extends the  high-quality diag- 
nos t ic  and treatment capab i l i t y  of  the  physician over l a r g e  
dis tances and a reas  while he is located i n  t he  hosp i t a l  ( the  sCC). 

An automatic data  processing network supports the  
a c t i v i t i e s  of the physician, CHM, laboratory technician and other  
system personnel by enabling them t o  request  important information 
from the  computer using typewriter keyboard-type terminals. The 
requested information is djsplayed on a TV-type screen almost 
instantaneously and can include pa t i en t  h i s t o r i e s ,  i n s t ruc t ion  f o r  
care,  diagnost ic  a ids ,  e tc .  Following the  pa t ien t '  s v i s i t ,  infor- 
mation is  entered i n t o  the  data  system v i a  t h e  same terminals so 
t h a t  a l l  p a t i e n t  information w i l l  be  current.  

I n  most cases where the physician a t  the  SCC wants t o  
consult  with a s p e c i a l i s t  in  the Phoenix Indian Health Hospital  
through the  SCC, he has the  capab i l i t y  f o r  t ransmit t ing views of 
x-rays, wounds, l e s ions ,  pa t i en t s ,  e tc . ,  from e i t h e r  c l i n i c  t o  t h e  
spec i a l i s t '  s s t a t i o n  using the  slow-scan TV. He a lso  has a d i r e c t  
telephone l i n e  f o r  discussion with the  spec i a l i s t .  

This combination of c a p a b i l i t i e s  enables pa t i en t s  a t  t h e  
remote c l i n i c s  t o  be diagnosed by t h e  physician miles away at the  
hospi tal ,  and t o  be immediately t r ea t ed  by the  CHM i n  the  c l i n i c  
under the physician's direct ion.  The e n t i r e  a c t i v i t y  i s  accom- 
plished i n  minimum time and without the pa t i en t  t rave l ing  
considerable dis tances.  

The Mobile Health Unit  

The MHU ( f i  . 4) i s  a mobile c l i n i c  v i s i t i n g  v i l l a g e s  on a 
schedded bas i s  f see map f o r  MHU route,  f i g .  1 ) .  This mobile 
c l i n h ,  s t a f f ed  by CHMs and laboratory technicians,  gives the 
physician a f l e x i b l e  Routreach" capabi l i ty .  Its use and fea turas  
a r e  b r i e f l y  summarized a s  follows: 
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Figure 4. The Mobile Health Unit. 

A pa t i en t  en t e r s  the recept ion a rea  and i s  interviewed 
by a CHM a s  t o  complaint, symptoms durat ion,  e tc .  The CHM deter- 
mines the  need t o  c a l l  up a pa t i en t  h i s t o r y  o r  o ther  pe r t i nen t  
information using the  da t a  terminal keyboards. Pa t ien t  examination 
takes place i n  the examining room where the  physician is i n  radio 
contact  with the  CHM and can view the  p a t i e n t  v i a  TV (CHM uses t he  
color !l'V camera above t h s  examining t ab l e ) .  If the  physician 
decides t h a t  a view of a body o r i f i c e  is  necessary (such a s  ear  o r  
t h roa t ) ,  then the  CHM w i l l  use a p a t i e n t  viewing microscope (PVM) 
under voice d i r ec t ion  of the  physician while checking with the  TV 
monitor. The PVM ( f ig .  5) uses f i b e r  o p t i c s  t o  both i l luminate  
t he  viewing area and re turn  the  image t o  a TV camera, where i t  is  
te lev ised  t o  the physician a t  the SCC. Should the  physician 
require  viewing of s l i d e s ,  such as blood smear o r  cu l ture ,  the  
t r inocular  microscope assembly includes a TV camera t o  t ransmit  t o  
the  physician what i s  being viewed through t h e  microscope. The 
laboratory area a l so  contains many c a p a b i l i t i e s  f o r  doing biochem- 
i c a l  analyses usua l ly  required f o r  c l i n i c a l  e m i n a t i o n s  (blood 
work, u r ina lys i s ,  e tc .  ). When x-rays a r e  required, t he  procedures 
of taking and developing the  x-rays a r e  accomplished i n  the x-ray 
room. This room a l so  contains equipment enabling the technicifin 
t o  transmit t he  x-ray t o  the physician a t  t he  SCC v i a  TV. 



Figure 5. Patient-Viewing Microscope i n  Typical 
Use During 3drgery. 

Santa Rosa Health Center (LHSC) 

The LiISC (figs.  6 and 7) i s  an ex is t ing  c l i n i c  whose ce.pabi1- 
i t i e s  are enhanced by the  equipment and personnel needed t o  meet. 
i t s  funct ions i n  t he  STARPAHC system. The LHSC i s  a well-equipped 
c l i n i c ,  and w i l l  be s taffed with PYMs, laboratory technicians,  and 
a secretary/receptionist  . Like Lle M, i t s  function provides the  
physician a t  the  SCC with noutreachn capabi l i ty  t o  de l ive r  qua l i t y  
hea l th  care t o  pa t i en t s  through STARPAYC. It has considerably more 
usable area and more c l i n i c a l  examination, pa t i en t  treatment and 
labora tory  capabi l i ty  than the  MHU. I t s  operat ional  procedures f o r  
pa t i en t ,  CHM, o r  physician a c t i v i t y  a r e  generally i den t i ca l  t o  
those described f o r  the MHU. 

S e l l s  H o s ~ i t a l  (HssCC o r  SCC) 

The SCC ( f igs .  8 and 9) i s  the  base f o r  the  ST,WAHC opera- 
t ions.  It is  contained i n  one wing of the Indian hospi ta l  a t  S e l l s ,  
Arizona. Here the  physician w i l l  d i r e c t  the  CHMs, laboratory tech- 
nicians,  communicate with pa t ien ts ,  c a l l  up da te  t o  a s s i s t  i n  t he  
pa t i en t  examination and treatment. He can a l so  consult  with 
s p e c i a l i s t s  a t  t he  Phoenix Indian Health Hospital (PRC) and d i r e c t  
system operator f o r  spec i f i c  functions such a s  recording the TV 
image, sending slow-scan x-rays t o  the  PRC o r  patching i n  other  
i:eeded capabi l i t i es .  

A s  operat ional  base, the supporting engineering funct ions 
such a s  scheduling, l o g i s t i c s ,  maintenance, reporting, etc., w i l l  



Figure  6. Santa  Rosa Cl in ic .  
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Figure  7. Floor  Plar. o f  LHSC. 

he managed nnd con t ro l l ed  from here. I n  a d d i t i o n ,  t h e  SCC con ta ins  
the system d a t a  process ing equipment and maintenance workshop..; (not  
shown). 

Physic ian  Console. The phys ic inn l s  console  i n  the  SCC ( f i g s .  
1 0  and 11)  i s  the  focn l  po in t  o f  t h e  system. A s  the  system's con- 
t r o l  c e n t e r ,  i t  provides  physic ians  wi th  t h e  d i s p l a y s  nnd c o n t r g l s  
required t o  perform t h e i r  comprehensive func t ions .  The c o n t r o l s  
and d i s p l a y s  have been c a r e f u l l y  s e l e c t e d  t o  g ive  t h e  phys ic ians  
command f l e x i b i l i t y  and a  m a x i ~ m  amount o f  in iormat ion without 
d i l u t i n g  t h e i r  a c t i v i t y  wi ih  d e t a i l e d  t echn icn l  f i lnc t . i~ns .  An op- 
t i o n  f o r  t h e  physic inn t o  con t ro l  p r ivacy  on t h e  voice  2nd TV 
c i r c u i t s  i s  another system f e a t u r e .  Most important  t o  h i s  v i s u a l  
e x m i n a t i o n  o f  t h e  p a t i e n t  i s  t h e  c a p s b i l i t y  t o  remot? e ~ n t r o l  t h e  
TV camera a t  t h e  MHU end LHSC d i r e c t l y  from h i s  console. 



Figure 8. Hosp i ta l  in Sel ls ,  Arizona. 

BhW VIDEO CAMERA 
(Pn'r SICIANS ROOM) ' X-RAY VIEWER 

KITH VARIABLE 
LIGHT CONTROL 

FCG DISPLAY CART 

SWITCHBOARD EXPENDABLES 6 SPARES 

STORAGE FOR TAPE 
6 DISK LIBRARY 

MAG TAPE, D:SK UNIT 

ROOM 122 
'OP1-RATOR 
COMM~'NICATIONS 
R o o t 4  I - -- 

9 0 0 M  171 
SYSTEM MGRI 

OPERATORS 
CONS3LE 
STORAGE 
COMkrUNlCATlON 
RACKS 

SLO-SCAN VIDEO 
MOBILE CART 

Figure 9. F loo r  Plan o f  HSSCC. 



V I M 0  
C ~ R A  CMOR V I X O  

\ m m l r o a  - CARDICSCOPI 

S R A K t R  P A Y  L \ S I R I P  CHAR1 
P f C c a M R  -, 

COhlROL P A W  I P M R .  PHIVACV. 
ILLUMIWIIOII. AND RECORMR~ 

Figure 10. Physician Console a t  HSSCC. 

Figurs 11. Physician a t  Full-Scale Model of 
HSSCC Physiciant s Console. 

Phoenix Referral  Center (PRC) 

The Indian Health Hospital a t  Phoenix, Arizona, referred t o  a s  
the PRC (f igs .  1 2  and 13), i s  s ta f fed  w i t h  and has access t o  rnedi- 
c a l  spec i a l i s t s .  I n  t he  STWAHC system these s p e c i a l i s t s  w i l l  bc 
cal led upon t o  consult  with t he  physicians a t  t h e  SCC when unique 
o r  complex K.,4ical advice i s  i n  ordur. To enhance the ccnsul tat ion 



Figure 12. Phoenix Indian Health Hospital. 

Figure 13. Floor Plcn of Uiagnostic Center a t  PP!. 

the syst3m provided the  capabi l i ty  f o r  t ransmit t ing x-rays c r  pic- 
tu res  of thz p a t i ~ n t .  l es ions ,  etc., v i a  slow-scan TV using exis t-  
ing teLephone l ines .  These same telephone l i n e s  a l so  provide 
capabi l i ty  f o r  voice comunication and data  transmission between 
?he SCC and the PRC. The slow-scan capab i l i t yp rov ides  x-ray o r  
p ic ture  transmission i n  45 to  90 seconds. It inherent ly racords 
the transmission which enables almcst un l in i ted  playback capab i l i t y  
f o r  extensive, r epe t i t i ve  studyirg a t  d i f f e r en t  times and f o r  
various duratf  ons. 
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SIMULATION OF TWFF I C  CONTROL SIGNAL SYSTEMS 

Paul J. Connolly, P a t r i c i a  A. Concannon, Robert C. R icc i  

INTRODUCTION 

TOPICS i s  a Federal-aid urban t r a f f i c  operations erosrani t o  i n -  
crease cbpaci t y  and safety. Acthori  t y -  fo r  the TOPICS p r o g r a i  i s  
provides i n  the ~ e d e r a l - a i d  Highway Act o f  1968. TOPICS consists 
of making t r a f f i c  operat ion improvements over a network of 
a r t e r i a l  and otner  major s t ree ts  i n  an urban area and i s  intended 
t o  maximize the e f f i c i ency  o f  an e x i s t i n g  s t r e e t  system. 

Under the TOPICS program, the Massachusetts Department o f  Pub1 i c  
Works, i n  conjunct ion w i t h  the City o f  Boston, has unda br t a k en an 
amui t i ous  p ro jec t  fn computerized autmob i  l e  t r a f f i c  cont ro l  
-\I?;+T~ along a t rad i t i .ona l ly  hs l eng th  o f  Massachusetts Avenue 1 i n  Boston CTOPICS Pro jec t  No. 511- . This p ro jec t  includes the 
i n s t a l  1 a i i o n  o f  eighteen l o c a l  i n te rsec t i on  t r a f f i c  cont ro l  
s ignals under cmpu te r i  zed centra l  cont ro l  equipment wi  t R  a1 1 i t s  
peripherals and software, veh i c le  detectors t o  perform funct ions 
spec i f ied  i n  the system specif icat ions, l  and an interconnect ion 
and c m u n i c a t i o n  svsten,. 

'hrough the Intergovernmental Cooperation Act o f  1968, technical 
assistance by the Transportat ion Systems Center i s  being provided 
t o  the Massachusetts Department o f  Pub l ic  blorks2 t o  evaluate the 
effectiveness o f  d i f f e r e n t  automatic t r a f f i c  cont ro l  s t ra teg ies  
proposed f o r  t h i s  Mass. Ave. TOPICS Pro jec t  by the use o f  computer 
simul at ion.  Via the Intergovernmental Act the Federal government 
i s  able t o  implement the concept o f  technolopy sharing3 w i t h  State 
and l oca l  governments. The study described i n  t h i s  paper i s  an 
example o f  technological co l labora t ion  between the Federal govern- 
ment and s t a t e  and l oca l  governments. 

I n  recent years there has been considerable i n t e r e s t  i n  the 
development and t e s t i n g  o f  cont ro l  s t ra teg ies  f o r  networks of 
urban t r a f f i c  s ignal  systems b y  simulat ion. Simulation i s  an 
inexpensive and t ime ly  method f o r  evaluat ing the e f f e c t  o f  these 
t r a f f i c  cont ro l  s t ra teg ies  s ince t r a f f i c  pknomena are too 
complex t o  be def ined by ana ly t i ca l  models and since a con t ro l l ed  
experinent may be hazardous, expensive, and slow i n  producing 
meaningful r e s u l t s .  This paper descr ib s the app l ica t ion  o f  an 
urban t r a f f i c  co r r i do r  program,  SCOT^, (Simulat ion o f  Corr idor 
T r a f f i c )  t o  evaluate the effext iveness o f  d i f f e r e n t  t r a f f i c  
contro l  s t ra teg ies  for the Massachusetts Avenue TOPICS Pro jec t  
c 1 
I I .  

The SCOT model i s  a concatenation o f  wo e x i s t i n g  models: 1) the 

5 
t UTCS-1 (Llrban T r a f f i  Control System) s imulat ion model o f  urban 

t r a f f i c  and the DAFT (Dynamic Analysfs o f  Freeway Corr idor 
T r a f f i c )  s imulat ion model o f  freeway t r a f f i c .  Vehicles are 
t reated microscopical ly  as i nd i v idua l  elements on the a r t e r i a l  
s t ree t  sys tem and macroscopically as platoons on the freeway. 
Any a r b i t r a r y  freeway and surface s t r e e t  network ccnta in ing up 
t o  200 in te rsec t ions  may be represented, and t r a f f i c  f low ma.y 
be described by speci fy ing e i t h e r  o r i g i n  dest inat ion volumes 
along the peri7heral en t ry  l i n k s  o r  tu rn ing  movements a t  each 



node. Only the urban t r a f f i c  po r t i on  o f  the program has been used 
i n  t h i s  work. 

For the urban t r a f f i c  por t ion  of the program, the t r a f f i c  flow i s  
composed o f  the time and distance t ra jec to r ies  o f  ind iv idua l  
vehicles which traverse the network i n  a r e a l i s t i c  manner, 
changing t h e i r  speed as they approach a red t r a f f i c  signal , a 
queue o r  an a1 te ra t i on  i n  the geometry o f  the roadway. S t a t i s t i c s  
are abstracted from the t ra jec to r ies  and provide a measure o f  
the e f f i c i ency  o f  the t r a f f i c  movement. 

The simulat ion i s  spec i f tc  t o  a p a r t i c u l a r  locat ion  and embodies 
i t s  georretric characteri'sti 'cs (dhensions o f  the roadways and 
1 ocations o f  the intersect ions]  , the proposed contro l  s t rategies 
( t r a f  f 4 c signal scfieUules, 1 ane channel i'zation, and parking 
r e s t r i c t i o n s )  and the expected t r a f f i c  demand ( i n  f low volumes 
and turn ing movements). Val idated car f o l  lowing 1 aws are used t o  
generate the t r a f f i c  f low under the ex i s t i ng  o r  proposed condi t i cns .  
This f low i s  analyzed, and the resu l t s  are a measure of the 
effect iveness o f  the contro l  s t rategy t o  cope w i t h  the assuned 
t r a f f i c  demand under the given geometric condi t ians  . 

A computer p r i n t o u t  gives a time h i s t o r y  o f  the length o f  queues 
on each s t ree t .  Thus, the b u i l d a p  and dispersal o f  queues as 
the t r a f f i c  signal changes i's an important parameter of the 
effect iveness o f  the signal timtngs. I n  addit ion, time h i s t o r i e s  
o f  s t ree t  population, number o f  vehic les discharged through each 
s t ree t  and the number o f  stops made on each s t ree t  are given. 
The resu l t s  also include the :ocations and number o f  c.vcle 
f a i l u r e s  (the i n a b i l i t y  o f  a green s ignal  t o  discharge the e n t i r e  
queue), the locat ions and times o f  sp i l lback  (the extension o f  a 
queue upstream i n t o  the in tersec t ion  blocking cross t r a f f i c )  and 
the turn ing movements a t  each intersect ion.  Other performance 
indices pr in ted out  include the average delay per vehicle, the 
average speed, and the average occupancy. 

The Model i s  programed i n  For t ran I V  f o r  the CDC 6600 computer 
w i th  a sample r a t e  o f  one second for  a r t e r i a l  s t ree ts  and four  
seconds f o r  the freeway. Core requirements are 98,000 decimal 
words w i th  a computer e f f i c i ency  r a t i o  o f  5:1 ( rea l  -time t o  
computer time] f o r  a network o f  30 nodes and 500 vehicles. 

Speci f ica l  l v ,  the fo l lowing major features are incorporated i n  
the model : 1) a stochast ic simulat ion o f  ind iv idua l  vehicles 
by type using a s imp l i f i ed  car-following model for  a r t e r i a l  
s t ree ts  2) macroscopic treatment o f  vehicles as p1atoo:ls on 
freeway 1 inks according t o  a pre-speci f l e d  speed densf ty  re1 at ion-  
ship 3) standard output measures t h a t  include l i n k  volume, 
average 1 ink  speed, average 1 i nk  t r w e l  time, t o t a l  veh ic le  mi les 
o f  t rave l ,  t r a f f i c  density, veh ic le  delay, queue length, and 
number o f  stops, 4) detqt led treatment o f  both in tersec t ion  and 
int ra-1 i nk  behavior, e .g . ,  queue discharge, tu rn ing  behavior, and 

in t ra -1  ink  accelerat ion and decelerat ion 5) de ta i led  treatment 



of bus t r a f f i c  i nc l ud ing  bus stop dwel l  times and bus routes 6 )  
treatment of l ega l  and i l l e g a l  parking, park garage f lows and 
i n t r a - l i n k  r a r e  events and 7)  placement o f  a l t e r n a t i v e  sur- 
v e i  11 ance sys terns, e. g . , presence detectors ,  counter, o r  spot 
speed detectors.  

The urban p a r t  o f  the model has been c a l i b r a t e d  and vabidated 
f o r  a twenty i n t e r s e c t i o n  network i n  Washington, P. C. The 
v a l i d a t i o n  focused on the  comparison o f  "se lected measures of 
e l fect iveness"  der ived from a se r i es  o f  model runs w i t h  equiva- 
l e n t  f i e l d  data.  The freeway p o r t i o n  o f  the model i s  p resen t l y  
beina ca l  i b ra ted  and va l i da ted  w i t h  the D a l l  as Porth-Central  
Expressr ay as the  t e s t  sl'te. Th is  model v a l i d a t i o n  cons is ts  of 
the  data c o l l e c t i o n  and s imu la t ion  o f  t r a f f i c  f l o w  on a 1.5 m i l e  
sec t ion  o f  t h i s  expressway from PlcComnas Ave. t o  Lover 's  Lane 
i nc l ud ing  the ~ a r a l l e l  sect ions o f  the f rontage road and a l l  
ramps involved. The data being co l l ec ted  by photographic 
techniaues inc ludes 1 ane s p e c i f i c  speed and densi t v  f o r  each frce- 
way 1 i nk  ( 8  o r  9 sect ions of the freeway) 2 j  on /o f f  ramp 
volumes and 3 )  s t a t i s t i c a l  d i s t r i b u t i o n s  o f  merge delays as a 
funct ion o f  l i n k  vol~nne on the freeway l i n k  i m e d i a t e l y  upstream 
o f  the merge p o i n t  f o r  a l l  ramp entrances i n  the  t e s t  network. 

The study repor ted here consisted o f  data c o l l e c t i o n  t o  ob ta i n  
f i e l d  data f o r  i n p u t  t o  the model, the ana lys is  and s imu la t ion  
of the present Plassachusetts Avenue T r a f f i c  Control  System f o r  
c a l i b r a t i o n  o f  the SCOT model, and f i n a l  l v  :he eva lua t ion  o f  
t r a f f i c  responsive and semi -actuated con t ro l  s t r a teg ies .  

PRESENT TRAFFIC CONTROL SYSTEM 

T he a r t e r i a l  network se lected f o r  TOPICS im~rovement  i s  centered 
dong Massachusetts Avenue between the Harvard Br idge and the  
Southeast Expressway i n  Boston's Pack Bay sec t ion  (F igure I]. The 
roadway can be character ized i n  the f o l l o w i n g  manner. There are 
two lanes o f  moving t r a f f i c  i n  both south/north d i r ec t i ons .  
There i s  no median nor  are there  any p rov is ions  f o r  l e f t  t u r v  o r  
r i g h t  t u rn  pockets. The b lock lengths are extremely i r r e g u l a r  and 
i n  s m e  instances very  sho r t .  For example , between Commonweal t h  
eastbound and Comnonweal t h  westbcund, the b lock lenq th  i s  148 ft., 
and between Hunt ington eastbound and t !unt inston ~ ~ e s t b o u n d  , the 
block legn th  i s  74 ft. These sho r t  b locks a l low f o r  a mioimum 
amount o f  veh i c l e  storage wh i l e  these veh ic les  w a i t  f o r  a green 
phase. I f  the con t ro l  sequence i s  no t  t imed p roper ly .  queues 
bu i ld-up causing s p i l l  back i n t o  the upstream i n t e r s e c t i o n  and 
thereby b lock ing  the cross s t r e e t  from movements. 

This sec t ion  o f  Passachssetts Avenue has heavy t r a f f i c  f lows t h a t  
are considered genera l l y  p red ic tab le .  There are no obvious o r  
convenient a1 te rna te  routes t o  t h i s  main a r t e r i a l  . Congestion 
r e s u l t s  l a r g e l y  from v a r i a b l e  l e f t  t u r n i n g  movements and long 
platoon lengths en te r i ng  the shor t  b locks.  This congestion 
creates s p i l l b a c k  which i n  t u r n  causes the pt'ogression along the 
a r t e r i a l  t o  breakdown. The resu l  t i  ng congestion and de l  a.vs are 



cos t l y  no t  only from the standpoint o f  reduced l eve l  o f  service 
and capacity, but  because o f  increased hazardous c o n f l i c t s  and 
possible c o l l i s i o n s  . 
The length o f  t h i s  sect ion o f  Massachusetts P.venue i s  about a 
m i l e  and a ha1 f and includes eighteen s ignal ized in te rsec t ions  
present lv contro l  l e d  by an interconnected, coordinated system 
operated i n  a pre-timed programnable mode ( f i x e d  t ime cont ro l  ) . 
Pedestrian push-button actuat ions " ca l l 11  an exclusive phase a t  
each in tersect ion.  I f  t h i s  phase i s  ca l l ed  by a pedestrian a t  
a p a r t i c u l a r  in tersect ion,  then 20 sec. o f  green time i s  taken 
away from the mai'n 1 h e  ( i n  thi's case along Mass. Ave .) and 
given t o  the exclusive walk fur pedestrians. I f  the downstream 
4n+ersect ion cont ro ls  one o f  the shor t  blocks and i f  the 
pedestrian phase i s  actuated, add i t iona l  vehic les w i l l  be a1 lowed 
t o  penetrate i n t o  the shor t  block, wfien the upstream in te rsec t i on  
has no pedestrtan actuat ion. This s i t u a t i o n  creates spi l lback,  
congestion, and the loss gf progression along the a r t e r i a l  . 
DATA REQIJI REPIENTS 

I n  order t o  evaluate a proposed t r a f f i c  contro l  s t rategy by means 
o f  simulat ion, i t  i s  necessary t o  model f i r s t  the e x i s t i n g  
t r a f f i c  contro l  system and t o  make sure tha t  the model I s  output 
i s  i n  agreement w i t h  the " real  v~or ld" .  Furthermore, as a pre- 
r e q u i s i t e  t o  model the present system, i t  i s  essent ia l  t o  deter- 
mine the f i e l d  data requirements for inpu t  t o  the SCOT model. 
A f t e r  determination o f  these requirements, the data avai lab le 
From the f i l e s  o f  the C i t y  o f  Boston was reviewed. F i e l d  studies 
were then undertaken t o  v e r i f y  t h i s  data and t o  gather addi t ional  
data not  found i n  the f i l e s  which was requi red f o r  i npu t  t o  the 
model . 
The actual data c o l l e c t i o n  and reduct ion was performed by TAMS 
(Tippetts-Abbett-McCarthytStratton) , Mass. DPW Is  Consul t a n t  .8 
Data was co l lec ted  f o r  a f i f t e e n  i n te rsec t i on  s imulat ion t e s t  
network (Figure 1) t h a t  encompasses the area from the i n t e r -  
sect ion o f  Massachusetts Pvenue and Beacon St ree t  t o  the i n t e r -  
sect ion o f  Mass. Ave. and Washington S t .  (approx. 11/4 mi les 
long). Due to  construct ion on the southern sect ion o f  Mass. Ave. 
from Washington S t .  t o  the Expressway, data was not gathered 
f o r  three o f  the eighteen in te rsec t ions  tha t  make up the Mass. 
Ave. computerized t r a f f i c  cont ro l  system. The f o l l ~ i n g  types 
o f  f i e l d  data were gathered for the remaining f i f t e e n  i n t e r -  
sections: 1) volume counts a t  each in te rsec t ion  f o r  two hours 
each between 4 pm and 6 pm, 2)  tu rn ing  movements a t  each 
i n te rsec t i on  f o r  the same time period, 3 )  ATR (Automatic 
T r a f f i c  Recorder) counts a t  one i n te rsec t i on  f o r  a period c f  
three months ,Ind a t  three locat ions f o r  a period o f  one week, 
4)  the percent of t rucks and busses, 5)  average speeds and 
delay times inc lud ing  incidences o f  lane blockages by the 
f l oa t i ng  car method covering the time period from 4 pm t o  6 pm, 
6) queue discharge ra tes  for l e f t  turn, through and r i g h t  tu rn  
approaches, 7)  volume and t trrning movement counts f o r  vehicles 
enter ing and e x t t i n g  from sources and s ink nodes (e.g., parking 



garages), 8) bus rou t ing .  frequency and s top dwell times, 9) 
pedest r ian counts and s igna l  actuat ions i nc l ud ing  the percent o f  
cyc les actuated f o r  a l l  i n t e r sec t i ons  and 10) s igna l  phasing, 
o f f s e t  and t im ing  a t  each i n te r sec t i on .  

Ps p a r t  o f  t h i s  data c o l l e c t i o n ,  the actua l  operat ion of each 
t r a f f i c  s ignal  was recorded i n  the f i e l d .  A1 1 phasing i n t e r v a l s  
were timed, and the  p a r t i c u l a r  sequences and o f f s e t  t imings were 
noted and recorded. Over a  per iod  o f  several  months the  t r a v e l  
times alona Pass. Ave. i n  the northbound and southbound d i r ec t i ons  
were recorded f o r  the  4 pm t o  6 pm peak t ime per iods. A l l  o f  t h i s  
data c o l l e c t i o n  and reduc t ion  was done manually . 
" o ~ n a r i s o n  o f  t h i s  f i e l d  data w i t h  the City o f  Boston f i l e  data 
showed good agreement except i n  the area o f  the  actua l  t iming,  
sequencing, and phasing o f  the t r a f f i c  l i a h t s .  This data showed 
discrepancies w i t h  respect  t o  the t h i n g  and sequencing diagrams 
on f i l e .  However, f o r  imput t o  the  model, the actua l  f i e l d  t e s t  
data was used r a t h e r  than the t im ing  and sequencing diaoram data 
since t h i s  i s  the " rea l  wor ld" .  

SIMllLATION OF TtIE PRESFNT TRAFFIC COMTROL SYSTEM 

A f t e r  i n p u t t i n g  the data i n t o  the  model, the f i r s t  computer 
s imulat ion run  was made w i t h  no pedest r ian actuat ions a t  the  
f i f t e e n  i n te r sec t i ons  o f  the t e s t  network. The t ime per iod  
simulated was dur ing  the  peak hour from 5 pm t o  5:10 pm. This  
s imulat ion run  r e s u l t e d  i n  an average t r a v e l  t ime o f  320 secs. 
per  veh i c l e  as opposed t o  500 secs. as measured i n  the f i e l d  
f o r  southbound t r a f f i c  (Figure 2 ) .  Throughout the study, t o t a l  
t r a v e l  t ime through the network was used as the p r i n c i p a l  model 
output c r i t e r i a  t o  make comparative evaluat ions between successive 
s imu la t ion  runs o r  between s imu la t ion  r e s u l t s  and f i e l d  t e s t  data. 
n ther  c r i t i c a l  parameters used f o r  eva luat ion were the number of 
stops made on each s t r e e t .  

A second s imulat ion run was then made s i m i l a r  t o  the f i r s t  b u t  
w i t h  one exception, the pedest r ian phase bras actuated a t  every 
i n te r sec t i on .  The r e s u l t a n t  t r a v e l  t ime per  veh i c l e  f o r  t h i s  
case was 695 sec.. i .e., much h igher  than the f i e l d  t e s t  data. 
Powever, i t  was imnediate ly  apparent t h a t  these two s imulat ion 
cases had bracketed the f i e l d  t e s t  data. P. t h i r d  r un  was made 
designat ing c e r t a i n  i n te r sec t i ons  as always having the  pedest r ian 
phase actuated. This r esu l  ted i n  a  t r a v e l  t ime o f  370 secs . , 
which was a step i n  the r i g h t  d i r e c t i o n  b u t  n o t  c lose enough t o  
represent the r e a l  wor ld.  

A t  t h i s  po in t ,  i t  was r e a l i z e d  t h a t  i t  was no t  poss ib le  t o  de te r -  
min? how o f t en  the pedest r ian phase had been actuated du r i ng  the 
f l o a t i n a  car  f i e l d  t e s t  measurements. Consequently, the model 
was then modi f ied t o  a l low random a c t i v a t i o n  o f  the pedest r ian 
phase a t  each i n te r sec t i on .  A f o u r t h  r u n  was then made randomly 
a c t i v a t i n g  the pedest r ian phase. The t r a v e l  t ime per  veh i c l e  
der lved from t h i s  s tmulat ion run  was 420 seconds. Comparison o f  
t h i s  t r a v e l  t ime w i t h  the actua l  average t r a v e l  t ime measured 



i n  the f i e l d  showed t h a t  the simulat ion resu l t s  c lose ly  approxi- 
mated the rea l  world f i e l d  t e s t  data t o  w i t h i n  15X. 

Rased on these s imulat ion runs, i t  was f e l t  t ha t  the SCOT model 
had been ca l ib ra ted  such t h a t  the input  volumes, tu rn ing  movements, 
f r ee  f low speeds, queue discharge rates,  and l o s t  times were 
accurate enough t o  proceed w i t h  the evaluat ion o f  the new pro- 
posed stgnal contro ls  f o r  lgassachusetts Avenue. Figure 2 shows 
graph ica l l y  the r e s u l t s  of the cal  i b r a t i o n  study f o r  the south- 
bound d i r e c t i o n  and Figure 3 the northbound d i rec t ion .  

PROPOSED TRAFFIC CONTROL SYSlVlS 

proposed t r a f f i c  cont ro l  system for  Massachusetts Ave., as 
ou t l ined i n  the spec i f i ca t i on  document, i s  an extremely soph is t i -  
cated system managed by a d i g i  t a l  computer. The t r a f f i c  engineer 
i n  charge o f  t h i s  i n s t a l l a t i o n  can se lec t  e i t h e r  o f  two basic 
t.vpes o f  operation, auto ma ti.^ or pre-scheduled. The pre-scheduled 
contro l  i s  preselected 6y the operator f o r  a s p e c i f i c  da.v o f  the 
week and i n  t u r n  f o r  a spec i f i c  time o f  the day. The automatic 
contro l  mode i s  based on r e a l  - t i n e  measurement o f  volume and 
occupancy and the on-1 i n e  mod i f i ca t i on  o f  t r a f f i c  contro l  strategy. 
I t  i s  t h i s  mode o f  operat ion tha t  t h i s  peper describes. Gefore 
describinp t h i s  automatic mode o f  operation, i t  should be noted 
t h a t  the m i l e  and one-half a r t e r i a l  has been sectioned i nto  three ' 

subs,vstems and tha t  each subsystem i s  capable o f  operat ing i n  a 
mode d i f f e r e n t  than the other  su~systems a t  any given time. 
Figure 1 shows the o u t l i n e  o f  the i nd i v idua l  subsystems and the 
loca t ion  o f  the detectors, 

P t  Boston C i t y  I-!all, a d i g i t a l  computer w i l l  be located t h a t  w i l l  
have d i r e c t  cont ro l  over each l oca l  con t ro l l e r .  Volume and 
occupancy data w i  11 be received ever,y 500 mi 11 i -seconds from 
detectors embedded i n  the roadway. A t  f i v e  minute i n te rva l s ,  
t h i s  data w i l l  be analyzed on a subsystem basis,  From t h i s  data 
the mode o f  operat ion f o r  each subsystem w i l l  then be determined. 
Each suhsvstem i s  capable o f  working i n  the fo l low ing modes o f  
opera t i on : 

a) t r a f f i c  responsive w i t h  pre-determined t iming 
b) semi -actuated coordinated 
c)  f u l  ly-actuated (coordinated and iso la ted)  
d) pre-scheduled and pre-determined t iming 

pedestrian actuat ion 
f 1 congestion overr ide 
) f i r e  pre-emption 
h) bus p r i o r i t y  

The Transportation Systems Center's primary r o l e  i n  t h i s  p r o j e c t  
i s  t o  evaluate the system performance on a normal day's operat ion 
f o r  peak hour t r a f f i c  condit ions , This means s imulat ing contro l  
modes a) t h ru  d j  as noted i n  the above paragraph. 

The spec i f i c  mode o f  operat ion for the com~uter ized t r a f f i c  contro l  
s ignal system i 's selected by measurtng the volume and occupancy a t  



s p e c i f i c  detectors  along the a r t e r i a l  i n  each subsystem and then 
en te r i ng  a t ab le  stored i n  the  computer memory t h a t  i s  s t ruc tu red  
i n  the f o l l ow ing  manner* f o r  low volume and occupancy the ful1,y- 
actuated i so la ted  mode (P.A. J i s  selected; f o r  medium volumes and 
occupancv the semi -actuated co-ordi  nated tllode ( S  .A. ) and f o r  h igh 
volume and occupancy the t r a f f i c  responsive mode (TR) . 
TRAFFIC RESPONSIVE q D E  

Simply stated, t h i s  mode cons is ts  o f  a  number o f  f i x e d  time, pre- 
determined con t ro ls  based upon h i s  t o r i c a l  data gathered i n  the 
past  and s tored i n  the  computer memory as tab les  o f  cyc le  length,  
2 f f s e t ,  and s p l i t  p lans. The computer can se lec t  a t  each 5 
m4nute i n t e r v a l  any one o f  s i x  d i f f e r e n t  cyc le  lengths, s i x  
d i f f e r e n t  o f f s e t s ,  and s i x  d i f f e r e n t  s p l i t s .  This means t h a t  a t  
any f i v e  minute i n t e r v a l ,  i t  i s  poss ib le  t o  se lec t  any one o f  216 
poss ib le  con t ro l s  f o r  each sub-system. A1 though the s imu la t ion  
model i s  caoable o f  sirnui a t i n n  numerous detectors ,  some modi f  i ca -  
t i ons  would have been requ i red  i n  order  t o  model the t r a n s i t i o n  
from one cyc le  length,  o f f s e t ,  and s p l i t  p lan  t o  another. Pather 
than m0dif.v the  model , i t was decided t o  use the e x i s t i n g  model 
and simulate the 2 r a f f i c  condi t ions f o r  f i v e  minutes and then t o  
use the computer output r e s u l t s  , s p e c i f i c a l  l y  the "veh ic le  t r i p s "  
and the "average sa tu ra t i on  percentage" t o  ca l cu la te  the requ i red  
cyc le  lenaths,  c f f s e t s ,  and s p l i t s  f o r  a  f i v e  minute i n t e r v a l .  
These computer outputs correspond t o  the r e a l  - t ime de tec to r  outputs 
f o r  volume and occupancy on each 1 ink du r i ng  a f i v e  minute 
i n t e r v a l  (F igure 4 )  . 
To determine the appropr ia te  cyc le  leng th  t o  be used i n  a  f i v e  
minute i n t e r v a l  , the 'I ane occupancy (average sa tu ra t i on  percentage) 
along Massachusetts Ave. i n  the North and South d i r e c t i o n  a t  
c r i t i c a l  i n t e r sec t i ons  i s  measured. The detectors  associated w i t h  
these i n te r sec t i ons  are located a t  the extremes o f  the subsystem 
as can be seen i n  F igure 1. Cy determining the l a r g e r  o f  the two 
values and en te r ing  Table 1, the cyc le  leng th  t o  be used f o r  the 
next f i v e  minute ~ n t e r v a l  i s  selected. Th is  corresponds t o  us ing  
the average sa tu ra t i on  percentage generated t!.y the s imu la t ion  a t  
the end o f  a  f i v e  minute i n t e r v a l .  An o f f s e t  f o r  each i n te r sec t i on  
i s  n3w ca lcu la ted  so t h a t  s igna l  progression along Mass. Pve. i s  
a t ta ined .  Ey usinq the de tec to r  outputs from the past f i v e  minutes, 
the computer computes the r a t i o  o f  volumes (southbound t o  northbound) 
and enters  Table 2 w i t h  t h i s  value. The output  o f  t h i s  t a b l e  i s  
an o f f s e t  p lan number which i s  then used t o  en te r  s p e c i f i c  tab les  
associated w i t h  each i n t e r s e c t i o n  t o  ob ta in  the des i red o f f s e t .  Cv 
tak ing  the s imu la t ion  r e s u l t s  f o r  a  f i v e  minute segment, spec i f ica1 l .v  
the "veh ic le  t r i p s "  associated w i t h  the c r i t i c a l  l i n k s  and bv 
performing a simple hand c a l c u l a t i o n  and then en te r i ng  the tab les 
the des i red o f f s e t  p lan number i s  determined. Vow t h a t  the cyc le  
length and the o f f s e t  have been determined, the on ly  remaining 
parameter i s  the " s p l i t " ,  ( t h e  d i s t r i b u t i o n  o f  green t ime a t  each 
i n t e r s e c t i o n ) .  The computer determines the sp l  i t  p lan i n  the 
f o l l o w i n g  manner: 

a compares the volumes northhound and southbound alono main 



s t r e e t  (Mass. Ave.)$ takes the l a rge r  number and c a l l s  i t  X. 
0 compares the volumes east and west along the s ide s t ree t ;  
takes the la rger  value and c a l l s  i t  Y .  
o computes the r a t i o  o f  main s t ree t /s ide  street;  then 
enters the tab le  f o r  s p l i t  sect ion and determines the p lan 
number 
0 enters the tab le  associated w i t h  each in te rsec t ion  w i t h  
t h i s  ~ l a n  number and selects the s p l i t .  

Once again, using the computer s imulat ion output and performing 
simple hand calculat ions , the cor rec t  spl  i t  f o r  each i n te rsec t i on  
i s  selected by enter ing the tables manually. 

I n  sumnary, the technique developed t o  simulate the automatic 
t r a f f i c  responsive mode i s  described below. from t f ~ e  c a l i b r a t i o n  
e f f o r t  i t  i s  known t h a t  the input  volumes, tu rn ing  movements, speed, 
a i d  queue discharge ra tes  are representat ive of the r e a l  world. 
Given t h i s  i n p u t  data, the simulat ion i s  run  for f i v e  minutes 
using the e x i s t i n g  cont ro l  strategy. The c r i t i c a l  s imulat ion out- 
pu t  parameters o f  volume and speed are examined. The simple hand 
calculat ions prev iously  described are then made, and from the 
appropriate tables the new cycle length, o f f s e t  and s p l i t  are 
determined. New inpu t  cards are key punched, and another simu- 
l a t i o n  i s  run  f o r  f i v e  minutes. This procedure i s  i t e r a t e d  a 
number o f  times u n t i l  an optimum f l ow  o f  t r a f f i c  along Plassachu- 
se t t s  h e .  f o r  PM condit ions i s  obtained: optimum i n  the sense 
o f  travel '  time. 

The resu l t s  of these simulat ions are displayed graph ica l l y  i n  
Figure 5 as t rave l  time curves along the arte;.ial . As i n  most 
t r a f f i c  responsive systems f o r  PM condit ions, the cyc le length 
approached the maximum possible, i .e., 116 secs. The best t rave l  
time at ta ined hy the t r a f f i c  responsive mode was 450 sec. as 
opposed t o  500 secs. as measured i n  the f i e l d  f o r  southbound 
t ra f f i c .  This i s  a ~1 i g h t  improvement bu t  not  near ly  the magnitude 
of improvement expected by the City of Boston t r a f f i c  engineers. 
P t  t h i s  po in t ,  i t  was obvious tha t  the design ~ n g i n e e r s  m u i d  have 
t o  re-evaluate the h i s t o r i c a l  data upon which 111 the tables f o r  
cyc le lengths, o f f s e t  and s p l i t  were based. The simulations a lso 
pointed out other poignant f ac t s  such as a) a breakdown i n  
cohesive t r a f f i c  f low between subsystem 2 and subsvstem 3 b) 
1 onger delays than expected being incurred i n  subsystem 3 due t o  
more sophist icated   ha sing such as qreen leading and lagging 
s i ~ n a l  s and c) add i t iona l  roadway i s  needed a t  c r i t i c a l  i n t e r -  
sections due t o  heavy 1 e f t  tu rn  movements. 

These resu l t s  were studied j o i n t l y  w i th  TAMS, the design engineers. 
The conclusion was t h a t  the h i s t o r ~ c a l  data taken i n  1966 upon 
which a1 1 the design tables were based needed t o  be updated t o  
r e f 1  ec t  the current  t r a f f i c  volumes and f low ra tes .  Consideration 
o f  the current  t r a f f i c  volumes resu l ted  i n  an adjustment o f  the 
o r i g i n a l  t r a f f i c  responsive strategy t o  a modif ied one, i,e., 
the proposed t r a f f i c  responsive tables were modi f ied.  New cyc le 



lengths, s p l i t s ,  and o f f s e t s  were developed, and i t  was agreed t o  
j o i n  topether subsys tem two and subsys tem three. 

The s imu la t ion  r e s u l t s  o f  t h i s  mod i f ied  t r a f f i c  responstve mode 
have been most g r a t i f y i n g  i n  t h a t  i t  has been poss ib le  $.. rcduce 
the t r a v e l  t ime along Mass. Ave. by 30% from the previous design 
as d i c t a t e d  i n  the TAMS s p e c i f i c a t i o n  document. The cyc le  lengths 
simulated were as fol lows: 1) subsystem SS-1 60 secs. and sub- 
system SS-2 64 secs., 2) subsystem SS-1 80 secs. and subsysten 
SS-? 92 secs., 3)  subsystem SS-1 100 secs. and subsystem SS-2 
112 secs. With each o f  these c y l e  lengths the phasing fo r  c e r t a i n  
in te rsec t ions  was varied, i .e., 2 phase, northbound lead and 
back t o  tack l e f t  t u r n  operat ions. For each o f  these s i t u a t i o n s  
t r a v e l  times and the  number o f  cyc le  f a i l u r e s  f o r  main and s i de  
s t r ee t s  have been p lo t t ed .  I l l u s t r a t i v e  o f  the r e s u l t s  obtained 
i s  a t r a v e l  t ime of 320 secs, w i t h  two phase operat ion f o r  a 
cyc le  leng th  o f  80 secs. f o r  subsystem SS-1 and 92 secs. f o r  sub- 
system SS-2, compared t o  a t r a v e l  t ime o f  500 secs. as measured 
i n  the  f i e l d  (F igure 6 ) .  The v a r i a t i o n  i n  r e s u i t s  when us ing 
30192 sec. cycles o r  the  100/112 cyc le  lenyths and the var ious 
phasing operat ion i s  m i ~ i m a l  as can be seen from Pipores 6 and 7. 

SEMI-ACTUATED CO-ORDINATED COYTROL 

I n  t h i s  mode o f  operat ion long loop detectors  are embedded on the 
s ide s t r ee t s  t o  determine the presence o f  a veh ic le .  The main 
l i n e  (Mass. Ave.) i s  given a minimum green phase i ime. P t  the 
end o f  t h i s  t ime the  c o n t r o l l e r  enters  what i s  c a l l e d  a "per- 
miss ive per iod".  I t  i s  dur ing  t l ? i s  permissive per iod  t h a t  the  
c o n t r o l l e r  w i l l  honor a l l  s ide  s t r e e t  actuat ions.  Once the qreen 
has sh i f ted  t o  the s ide  ) , t reet  i t  w i l l  remain i n  tha t  s t a t e  u n t i l  : 
1 )  there are no more veh ic les  i n  the loop o r  2) the co-ord inat ion 
p o i n t  has been reached ( f o r ce  o f f  p o i n t ) .  Fven i f  vehic les are 
present on the s ide  s t r e e t  when the  f o r ce  o f f  p o i n t  i s  reached, 
con t ro l  must r n t u r n  t o  the  main 1 i n e  (Mass. Ave.) i n  order t o  
preserve the estab l  ished progression along the a r t e r i a l .  This i s  
t r u l y  a r e a l  time, demand responsive con t ro l  system as compared 
t o  a t r a f f i c  responsive t a b l e  look up con t ro l  system based on 
h i s t o r i c a l  data. 

F igure 8 shows the r e s u l t s  t h a t  have been obtained us ing t h i s  mode 
o f  operat ion w i t h  a background cyc le  length o f  80 sec. f o r  SS-1 
and 92 sec. f o r  SS-2. The t r a v e l  t ime i n  the northbound d i r e c t i o n  
i s  320 secs. wh i l e  the  t r a v e l  t ime i n  the southbound d i r e c t i o n  i s  
290 secs. These a re  the best  r e s u l t s  t h a t  have been obtained thus 
f a r  i n  our s imu la t ion  experiments. There are a few more s i de  
s t r e e t  cyc le  f a i l u r e s  as one might expect than i n  the t r a f f i c  
r e s ~ o n s i v e  mode, h u t  i t  i s  hoped t h a t  these w i l l  be e l  iminated 
i n  the near fu tu re .  E igh t  cyc le  f a i l u r e s  f o r  15 i n t e r s e c t i o ~ s  i n  
480 secs. o f  s imu la t ion  t ime i s  very good cons ider ing the opera- 
t i o n  i s  dur ing pm peak condi t ions.  Even background cyc le  lengths 
o f  60 secs and 72  secs. i n  the semi-actuated mode prov ide f o r  
b e t t e r  movement o f  t r a f f i c  a l o ~ .  J the a r t e r i a l  than does the t r a f f i c  
responsive mode operat ing a t  cyc le  lengths o f  100 secs . and 11 2 
secs. 



HYBRID MODE 

A t  the present time, a hybr id mode o f  operat ion i s  being studied 
wherein some in te rsec t ions  are fu l l y -ac tua ted wh i le  others are 
semi -actuated, a1 1 in tersect ions being co-ordinated. The i n t e r -  
sections t o  be f u l  l y - a c t m t e d  are those c r i  t t c a l  in tersect fans 
which general ly carry  heavy main s t ree t  volumcs and t h e i r  asso- 
c iated side s t r e e t  also car r ies  a heavy volume. The f u l l y -  
actuated in te rsec t ion  sha l l  operate on a first-come f i rs t -served 
basis and w i l l  ,y ie ld t o  the next ~ h a s e  when (1) no more 
vehicles are present (2) time has reached a maximum and (3) a 
force o f f  po in t  has been reached. I t  i s  hoped tha t  any minimum 
qreen t i r e  which i s  associated i n  the semi-actuated mode and which 
would not  have been u t i l i z e d  because o f  lack o f  vehicles can 
now he shi f ted t o  the s ide s t ree ts  i n  the ful lv-a~itnmnted 
mode. 

RECOMMENDATIONS - 
The simulat ion has establ ished the fo l low ing design features t h a t  
have been presented t o  the Mass. DPW and the C i t y  o f  Boston 
t r a f f i c  o f f i c i a l s :  

1) PM peak t r a f f i c  condit ions should be handled w i t h  the semi- 
actuated mode o f  operation as opposed t~ the t r a f f i c  responsive 
mode as suggested ir the desi n e ~ ~ g i n e e r i n g  spec i f i ca t ion .  
2) Rather than 3 subsystems 9 each operattng independently) 
which the f n i t i a l  designs speci f ied,  the simulat ion $as shown 
:hat i t  i s  more e f f i c i e n t  t o  operate only  2 subsystems. 
3) The new cycle lengths, s p l i t s ,  and o f f se ts  developed as 
a r e s u l t  o f  the simulat ion should replace those present ly  
be1 ng contemplated f o r  the t r a f f i c  responsive mode. 
4) There must be absolutely no parking p e m i t t e d  on the 
s t re t ch  of Flass. Ave. between Marlborough S t .  and Beacon S t .  
i n  the northbound d i rec t ion ,  If t h i s  i s  not  done, subsystem 
1 w i  11 breakdown. 
5) There must be absolutely no parking allowed f o r  a t  l e a s t  
200 ft. p r i o r  t o  the Columbus Ave. i n te rsec t i on  heading i n  
th- southbound d i r e c t i o n  along Mass. Ave. because o f  l e f t  
tu rn  movements . 
6) The 'TAMS spec i f i ca t ion  document specif ies tha t  there sha l l  
be no parking alonc, the length o f  Mass. Ave. between the h,-?:rs 
of 4 and 6 pm. If co parking were permit ted along Mass. Ave., 
three ten foo t  lanes i n  each d i r e c t i o n  would be created as 
opposed t o  two twelve ft. lanes w i t h  parking. The r e s u l t i n g  
simulat ion runs w i th  no parking showed tha t  the t rave l  time 
curves were no be t te r  and i n  some cases worse than those w i t h  
parking. This i s  due t o  the geometry between Funtington Ave. 
and S t .  Botolph which makes i t  impcssible t o  have more than 
two lanec. As a resu l t ,  a t r a f f i c  squeeze takes place a t  
t h i s  spot. 

The simulat ion process described i n  t h i s  paper i s  s i t e  independent 



and therefore appl icable t o  the model 1  in^ o f  t r a f f i c  cont ro l  s ignal 
s.vstems i n  other c i t i e s .  Hw!ever, a data co l l ec t i on  and reduct ion 
e f fo r t  as ~ r e v i o u s l y  described i s  necessary i n  order t o  ca l i b ra te  
the model and t o  make sure tha t  the model 's  output i s  i n  agreement 
w i t h  the rea l  world f o r  those in tersect ions being modelled. Also, 
the spec i f i c  s i t e ,  geometric character is t i c s ,  and proposed cont ro l  
s t rategies are needed. This study has demonstrated tha t  siniul a t i on  
i s  an inexpensive and t imely method f o r  evaluat ing the e f f e c t  o f  
d i f f e r e n t  t r a f f i c  contro l  strateg!es i n  the place o f  expensive 
and slow, " l i v e "  experinlentation. I n  addi t ion,  v i a  t h i s  simulat ion 
i t  has been possible t o  i d e n t i f y  the turn-on s t ra tsgv  tha t  w i l l  
be used i n i t i a l l y  when the system i s  f i r s t  pu t  i n t o  use. I n  t n i s  
vay, a pcssib le hazardous t r a f f i c  s i t u a t i o n  w i  11 have been avoided. 

The authors are indebted t o  Jeremiah Purphy and Michael Karas o f  
the Massachusetts Dept. of Publ ic Works f o r  t h e i r  advice and en- 
couragement throughout the pro jec t ,  t o  Robert Drumnond and h i s  
s t a f f  o f  the C i t y  o f  Boston T r a f f i c  and Parking Deparment f o r  t h e i r  
cooperation i n  the study and t o  George Casper, H. Leuthardt, and 
G. Sultan o f  TAPS, the designers o f  the Mass. Ave. computerized 
t r a f f i c  contro l  system. 
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FLAIR-FLEET LOCATION AND INFORMATION REPORTING 

Earl R. Norman and Merle E. Dunlap 

INTRODUCTION 

An ear ly  successful and seemingly unrelated technology trans- 
f e r  set the stage f o r  the FLAIR program. To support i t s  aerospace 
technology, The Boeing Company had b u i l t  up huge computer re lated 
resources: hardware, software, management capabi 1 i ty and the people 
who could analyze and program a1 1 types o f  problems from payrol l  s 
t o  complex war games t o  simulation o f  moon landings. With mush- 
rooming requirements f o r  computer solutions springing up over a l l  
sectors o f  the economy, i n  mid-1970 Boeing set up a wholly owned 
subsidiary, Boeing Computer Services, Inc. (BCS), t o  t r y  t o  match 
these large resources t o  the requirements o f  a1 1 types o f  comner- 
cia1 customers. 

The Wichita Police Department was an ear l y  c l i e n t  o f  BCS and 
from t h i s  propit ious association came the fo l lowing challenge: 
"We would li ke t o  see Boeing apply i t s  technology t o  help us accu- 
r a te l y  know the locat ion o f  a l l  our pat ro l  cruisers a t  a l l  times." 
I n  ear ly  1971, Lt .  Col. Kenneth Duckworth o f  the Wichita Police 
Department was referred by Boeing Cmputer Services t o  the Avionics 
Staff  o f  the Boeing Wichita Engineering Department t o  fur ther  quan- 
t i  fy t h i s  long standing operational requirement. It was envisioned 

' then that  a solut ion f o r  the Wichita Police would also be useful 
throughout the res t  o f  the law enforcement comnuni t y .  This has 
since proved t o  be exact ly what has transpired, and c i t i e s  from 
1 i te ra l  l y  a l l  over the world have requested Boeing FLAIR proposals. 

Although FLAIR d idn ' t  fit i n  any t rad i t i ona l  Div is ion charter, 
top management a t  Boeing Wichita was w i  1 l i n g  t o  back what appeared 
t o  be a business opportunity based on a v a l i d  customer requirement, 
where the experience and resou4,ies o f  the Div is ion also appeared t o  
be a good match. As continuing technical and marketing research 
substantiated the i n i t i a l  l im i ted  go-ahead, increasing Boeing In-  
ternal Research and Development (IR&D) funds were comnitted over the 
next three years. This, along wi th  a small, dedicated cost-conscious 
business and engineering team, has made FLAIR possible. 

DEVELOPMENT APPROACH 

Af ter  conferring wi th  Col . Duckworth, the whole spectrum of 
aerospace navigation, comnunication and data processing techniques 
were considered as candidates t o  solve the Wichita Police Depart- 
ment requirement . While i t  was easy t o  postulate many approaches, 
mechanization costs tha t  could be j u s t i f i e d  against a moon mission 
would look r id iculous i n  a c i t y  budget, and the 50 foot  accuracy 
that  Col . Duckworth specif ied f o r  saw pol i ce  missions appeared 
d i f f i c u l t  t o  achieve a t  any cost. 

One o f  the aerospace navigation approaches considered i s  
cal led "dead-reckoning . " This concept i s  based on the fundamental 
pr inc ip le  that  if the o r ig ina l  locat ion o f  a vehicle i s  known, i t s  
locat ion a t  any future time can be determined if the distance 



traveled along a given heading i s  added t o  i t s  o r ig ina l  location. 
While t h i s  concept i s  very complex t o  mechanize for  a space 
vehicle moving i n  three dimensions, away from a ro ta t ing and 
t rans la t ing earth, i t  can be accomplished using only the auto- 
mobile's odometer and a compass as sensors when d r i v ing  across 
town. However, because o f  inaccuracies i n  the compass and the 
adometer and computation, uncertaint ies i n  locat ion bu i l d  up w i th  
time o r  distance traveled u n t i l  the navigation predict ion soon 
becomes use1 ess . 

Before discarding dead-reckoning as unsuitable, Boeing 
decided t o  evaluate the concept f o r  t h i s  appl icat ion t o  see j u s t  
what i t s  1 imi tat ions were. With a small car compass purchased 
loca l ly ,  Mr .  Richard Lewis, Boeing Special is t  Engineer, dwve over 
Wichita streets recording headings each time the odometer indicated 
tha t  one-tenth o f  a mi le  had been traveled. He then p lo t ted h i s  
travels, s ta r t ing  from h i s  known location. The so l i d  l i n e  i n  
Figure 1-a shows h i s  path as derived from t h i s  crude dead-reckoning 
process, w i th  the errors described above accounting f o r  the increas- 
ing divergence. However, i n  looking a t  t h i s  p l o t  i t  became obvious 
tha t  another va l i d  source o f  information was avai lable t o  the auto- 
mobile mechanization tha t  was not avai lable t o  the space c ra f t  -- 
tha t  cars don' t  have the freedom t o  move without constraint through 
yards and bui ldings but normally dr ive only on surfaces tha t  can be 
known a priori. Further, these roads are usual ly arranged i n  such 
a pattern tha t  if you are able t o  keep a somewhat current assess- 
ment o f  the auto's posit ion, i t  i s  usual ly log ica l  which road the 
auto i s  on. Combining t h i s  addit ional information wi th the recorded 
data, Dick was able t o  reconstruct the exact path o f  the vehicle 
as shown by Figure 1-b. The question then became: "If a man can 
supplement a dead-reckoning procedure by comparing the continual 
navigation predict ion wi th  a map and making a log ica l  update when 
appropriate, can a computer do the same thing?" 

The next experimental phase involved use o f  small home enter- 
tainment type cassette and reel- to-reel  tape recorders t o  co l lec t  
data which had by then been processed i n t o  a tone coded pulse 
stream, and sampled a t  approximately one second in terva ls  rather 
than once each tenth o f  a mile. These tapes were played i n t o  a 
decoder i n  the laboratory and activated a p l o t t e r  on which the 
t rue map sector was placed. Concurrently, work was star ted on 
computer algorithms t o  handle the dead-reckoning and map-matching 
computation. 

Results were qui te encouraging so planning for  establishment 
o f  an experimental radio data l i n k  between a vehicle and the lab- 
oratory was accelerated. The team established a good working 
re lat ionship w i th  the Federal Comnunications Comnission ear ly i n  
the program i n  order t o  assure two-way confidence i n  negotia+ions 
for the al l -essent ia l  l icense authorizing a radio data 1 ink f o r  
tests. On March 13, 1972, the FCC authorized Boeing t o  operate 
UHF s ta t ion KQ2XPI and mobiles KQ2XPJ during experiments w i th  



various modulation methods and w i t h  several bandwidth 1 i m i  t i ng 
schemes . 

With a comnunication system required t o  provide the car 's  
loca t ion  and status back a t  pol i c e  headquarters, i t  was an easy 
decision t o  cen t ra l i ze  a l l  computations as we l l .  I n  add i t ion  t o  
coded messages, each car supplies the heading and distance t raveled 
since the l a s t  update on a t ime-multiplexed basis. Clocks i n  a l l  
vehicles are synchronized every two seconds by a s ignal  from the 
base s ta t ion .  A centra l  mini-computer performs the dead-reckoning 
and map matching described ea r l  i e r  and processes the information 
f o r  d isp lay.  This system concept i s  i l l u s t r a t e d  by Figure 2. 

Each automobile's spat ia l  l oca t i on  was i n i t i a l l y  computed i n  
X-Y coordinates and d i s ~ l  ayed i n  the cor rec t  re1 a t i v e  p o s i t i o n  on 
a cathode-ray tube as a b r i g h t  dot.  This image was o p t i c a l l y  com- 
bined w i t h  a ma? o f  the c i t y  o r  area s t ree ts  being traversed and 
viewed w i t h  a standard i n d u s t r i a l  closed c i r c u i t  t e l e v i s i o n  camera. 
A composite signal resu l ted  and was viewable on one o r  more stan- 
dard te lev i s ion  monitors and storable on a standard video recorder. 
While t h i s  mechanization gave a good dispatcher presentation, i t  
was expensive and unrel  i abl e . 

The analogue te lev i s ion  was replaced i n  1073 w i t h  a completely 
d i g i t a l l y  generated d isp lay and the b ' a s  ana whi te d isp lay  screen 
was replaced w i t h  a co lo r  t e lev i s ion  ,3onitor. A Sony T r i n i t r o n  i s  
now used and accepts the various t iming and coded signals which 
produce the image o f  the map o f  the c i t y  s t ree ts  i n  BLUE co lor ,  the 
operator-control1 ed-cursor cross i n  RED, a GREEN ind i ca to r  o f  o r i  - 
entat ion/magnif icat ion, and a system area coverage out1 i n e  i n  
VIOLET. The moving symbols representing tracked cars are i n  ORANGE, 
as wel l  as a computer-generated o f f i c e r  STATUS tabu la t ion  along the 
l e f t  side o f  the screen which i s  GREEN. This video d isp lay  and the 
corresponding contro ls  are shown i n  Figure 3. 

D i g i t a l  transmission o f  coded messages from the p o l i c e  cars 
t o  the Command and Control Center s i g n i f i c a n t l y  reduces voice 
communication congestion. This was a design feature from the out- 
set. Coded message transmissions are i n i t i a t e d  by use of a key- 
board i n  the po l i ce  car which a lso features an emergency button. 
When an o f f i c e r  depresses the emergency button an audible alarm 
sounds i n  the Cor*. ;rid and Control Center and the o f f i c e r ' s  symbol 
f lashes rap id l y .  This pos i t i ve ,  instantaneous comnunication plus 
the l oca t i on  features o f  the FLAIR system gives the dispatcher the 
capab i l i t y  t o  send help Smnediately. The t o t a l  data word contains 
loca t ion  and message information and i s  t ransmit ted i n  one-hundredth 
o f  a second. The coded message u n i t ,  as wel l  as other  veh ic le  
equipment, i s  shown i n  Figure 4. 

An addi t ional  FLAIR feature tha t  i s  deemed valuable by most 
po ten t ia l  users and one which i s  offered as an opt ion  i s  t h a t  o f  
PLAYBACK. This i s  accomplished by recording the d i g i t a l  data a t  
the i n te r face  o f  the rad io  rece iver 's  output and computer's video 
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processor input. The tape can then be played i n t o  the computer a t  
any l a t e r  time a t  the usual speed o r  a t  higher speeds. Many po l ice  
o f f i c ia l s  have viewed the playback a t  ten times and a t  f i f t y  times 
regular speed. A t  the l a t t e r  speed an en t i re  e ight  hour pol ice 
watch a c t i v i t y  can be reviewed i n  a few minutes. This offers a 
valuable t ra in ing feature. 

The FLAIR system, as now produced, automatically updates each 
vehicle' s locat ion and corresponding o f f i c e r ' s  status once each 
two seconds and presents t h i s  information t o  po l ice  dispatchers i n  
the Comnand and Control Center. The pos i t ion o f  a l l  vehicles 
"avai lable for  assignment" i s  displayed on a color  video map a t  
each dispatcher's console t o  an accuracy o f  50 feet. This gives 
the dispatcher a continuous p ic ture  o f  the deployment o f  the t o t a l  
avai lable force and thus complete command and control o f  a l l  pol i ce  
under h i s  responsi b i  1 i ty . 

By u t i  1 i z i  ng long range radio comnuni cat ions equipment, FLAIR 
can be extended t o  cover state-wide pol i c e  operations. Other appl i- 
cations o f  FLAIR include local,  s tate and in ters ta te  comnercial 
vehicles such as trucks, and m i l i t a r y  ground vehicles where precise 
location, tracking and tac t i ca l  status information i s  needed. 

FLAIR PROGRAM HISTORY 

FLAIR development began as a Boeing funded program i n  February 
1971. Researchers from four other firms conducted tes ts  of automatic 
vehicle locat ing systems i n  1972 i n  Philadelphia under contract t o  
the U. S. Department o f  Transportation. Several other projects are 
known t o  have been i n i t i a t e d  i n  the past s i x  years. 

Messrs. A, J. Henson and R. L. Lewis were granted U. S, patent 
number 3789198 covering FLAIR on January 4, 1974, assigned t o  The 
Boeing Company. M r .  Henson i s  FLAIR Program Manager and Mr .  Lewis 
i s  a pr incipal  FLAIR research engineer. 

On March 28, 1973, the S t .  Louis Metropol i t a n  Pol i c e  Board 
al located $90,000 t o  implement the s t a r t  o f  a program t o  procure 
an Automatic Vehicle Monitoring system, the major por t ion of which 
would be funded by a grant from the Justice Departnlent's Law En- 
forcement Assistance Adlnini s t ra t ion 's  (LEAA) regional a1 location. 

On October 22, 1973, The Boeing Company was the successful 
bidder i n  the S t .  Louis ,.VM competition. F i f teen f irms had been 
inv i ted  t o  b i d  by the c i t y ' s  purchasing department. Boeing was 
placed under contract on November 7, 1973, t o  produce and del iver 
a twenty-five vehicle FLAIR system. 

A1 1 o f  the mobile sets were delivered t o  S t .  Louis Po1 i ce  on 
July 16, 1974. A l l  remaining subsets of the system equipment were 
delivered on August 1, 1974, a month ahead of schedule. S t .  Louis 
accepted the system on August 14, 1974. Boeing w i l l  support the 
S t .  Louis Police system tes t  and evaluation through October of 



1974 and Public Systems Evaluation, Inc., o f  Winthrop, Massachu- 
setts, w i l l  monitor system effectiveness f o r  LEAA by contract. 

I n  June o f  1974, Boeing , under contract t o  the London Metro- 
pol 1 tan Pol ice, conducted a highly successful tracklng t es t  of 
basic FLAIR equipment i n  the c i  t y  of London, sending recorded data 
back t o  Wichita by DATEL telephone cdrcuits. 

Sta f f  o f f i ce rs  and beat patrolmen o f  both the Wichita Police 
Department and the S t .  Louis Metropol l t an  Pol i ce  Department were 
o f  great assistance t o  Boeing during FLAIR design and during proto- 
type test ing and contributed t h e i r  professional opinions so tha t  
the new system would include those capabi l i t ies  most useful i n  law 
enforcement work. 
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FIGURE 1 - INITIAL FLAIR DEAD-RECKONING UPDATP FXPERIMENT 
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DYNAMICS COMPUTATION METHODOLOGY 
APPLIED TO RAILCAR VlBRATIONS 

Robert R. Vlaminck 

INTRODUCTION PHECEDING PAGE BLANK NOT FILMED 
H i s t o r i c a l l y ,  t h e  a n a l y s i s  o f  r a i  l c a r  dynamics  h a s  

b e e n  l i m i t e d  i n  s c o p e  because  o f  t h e  c o m p l e x i t y  and  
t i m e - c o n s u m i n g  n a t u r e  o f  t h e  c a l c u l a t i o n s  r e q u i r e d  t o  
s o l v e  mu1 t i  - d e g r e e  o f  f r e e d o m  s y s  terns. L a r g e  numbers 
o f  s i m u l t a n e o u s  e q u a t i o n s  may be  n e c e s s a r y  t o  a c c b r a t e l y  
and  c o m p l e t e l y  d e s c r i b e  t h e  r i d e  q u a l i t y ,  e q u a l i z a t i o n  
o r  dyna ln ic  l o a d i n g  o f  a  c a r  body  o r  t r u c k .  F o r  exatU1ple, 
t h e  dynamic  and  s t a t i c  a n a l y s i s  o f  a  c o m p l e t e  c a r  body  
s t r u c t u r e  c a n  b e s t  be made u s i n g  a  f i n i t e  e l e m e n t  mode l  
w h i c h  may have  as  many as  3000 d e j r e e s  o f  f r e e d o m  and  
p e r h a p s  a+? e q u a l  number o f  s t r u c t u r a l  e l e m e n t s .  The 
d e g r e e  o f  c o m p l e x i t y  r e q u i r e d  t o  o b t a i n  a  t o t a l  s y s t z m s  
a n a l y s i s  o f  a  r a i l  c a r  can  be a p p r e c i a t e d  b y  c o m p a r i n g  
t h e  a r t i s t ' s  c o n c e p t  o f  t h e  B o e i n g  CTA r a p i d  t r a n s i t  
r a i l  c a r  ( F i g u r e  1 )  t o  t h e  dynamics  e n g i n e e r ' s  p e r -  
c e p t i o n  o f  t h e  same v e h i c l e .  

A t  t h e  t i m e  t h e  m a j o r  b u l k  o f  t h e  i n t r a - u r b a n  a n d  
i n t e r - c i t y  v e h i c l e s  i n  use  t o d a y  w e r e  a n a l y z e d  and  c o n -  
s t r u c t e d ,  a  t ~ t a l  s y s t e m s  s o l u t i o n  o f  a comp lex  p r o b l e m  
o f  t h i s  t y p e  was n o t  p o s s i b l e .  The h i g h - s p e e d  e l e c t r o n -  
i c  c o m p u t e r  a n d  a s s o c i a t e d  p r o g r a m s  t h a t  h a v e  been  
d e v e l o p e d  o v e r  t h e  p a s t  decade  c a n  now p e r m i t  a  t o t a l  
s y s t e m  a p p r o a c h  and  p r o v i d e  s o l u t i o n s  t o  t h e s e  r a i l c a r  
dynamic  and  s t a t i c  p r o b l e m s  on  a  t i m e l y  b a s i s  p e r m i t t i n g  
a n a l y s i s  t o  g u i d e  a  v e h i c l e  d e s i g n .  The r e l a t i o n s h i p  
o f  v e h i c l e  p a r a m e t e r s  and  s u b s y s t e m s  and  t h e i r  e f f e c t  
on r i d e  q u a l i t y ,  f o r  examp le ,  c a n  be  s e e n  i n  F i g u r e  2.  

I t  i s  t h e  i n t e n t  o f  t h i s  p a p e r  t o  i l l u s t r a t e  how 
c o m p u t e r  a n a l y s e s  c a n  be a o p l i e d  t o  r a i l c a r  p r o b l e m s .  
A l t h o u g h  some a n a l y t i c a l  d a t a  i s  p r e s e n t e d ,  emphas is  i s  
p l a c e d  on s h o w i n g  examp les  o f  a n a l y s e s  t h a t  w e r e  de -  
v e l o p e d  t o  s o l v e  e n g i n e e r i n g  p r o b l e m s  r a t h e r  t h a n  
e m p h a s i z i n g  d e t a i l e d  and s p e c i f i c  r e s u l t s  o f  compu ta -  
t i o n s .  

APPLIED COMPUTER PROGRAMS 

Computer  p rog rams  t h a t  were  p r e v i o u s l y  d e v e l o p e d  
t o  a n a l y z e  a i r c r a f t  s t r u c t u r e s  and  dynamics  p r o b l e m s  
now u t i l i z e d  t o  a n a l y z e  t h e  m o d e l s  d e s c r i b e d  i n  t h e  
s u b s e q u e n t  p a r a g r a p h s  i n c l u d e :  

IBM C o n t i n u o u s  Sys tem M o d e l i n g  P rog ram (CSMP): 
Th is - IBM d e v e l o p e d  p r o g r a m  ( 1 )  u s e s  d i g i t a l  
i n t e g r a t i o n  t e c h n i q u e s  t o  o b t a i n  t i m e  h i s t o r y  
s o l u t i o n s  o f  s i m u l t a n e o u s  d i f f e r e n t i a l  e q u a t i o n s .  



NASTRAN: The NASTRAN f i n i t e  e l e m e n t  a n a l y s i s  
p rog ram ( 2 )  was d e v e l o p e d  by  NASA t o  s o l v e  l a r g e  
dynamic  and s t a t i c  s t r u c t u r a l  p r o b l e m s .  

Language f o r  S t r u c t u r a l  D n a m i  c s  (LSD) : T h i s  
p rog ram ( 3 )  d e v e l o p e d  b y  B o e i n g  d e r i v e s  t h e  equa-  
t i o n s  o f  m o t i o n  o f  a  s y s t e m  f r o m  t h e  p o t e n t i a l ,  
k i n e t i c  and d i s s i p a t i o n  e n e r g y  e q u a t i o n s  u s i n g  
LaGrange 's  t e c h n i q u s .  

WATFOR: A  s y s t e m  used  a t  B o e i n g  V e r t o l  w h i c h  p e r -  
m i t s  t h e  e n g i n e e r  t o  p r e p a r e  a  F o r t r a n  p rog ram f o r  
s o l u t i o n  o f  a  s p e c i f i c  p r o b l e m .  E x e c u t i o n  t i m e  
on t h e  IBM 360 can  b e  o b t a i n e d  a p p r o x i m a t e l y  f i v e  
t i m e s  d a i l y  f o r  c h e c k o u t  and c o m p u t a t i o n  pu rposes .  

DISCUSSION OF ANALYTICAL MODELS 

The a n a l y t i c a l  mode ls  d i s c u s s e d  p r e s e n t  t y p i c a l  
examples o f  a n a l y s e s  p e r f o r m e d  t o  o p t i m i z e  v e h i c l e  
p a r a m e t e r s  and s o l v e  s p e c i f i c  e n g i n e e r i n g  p r o b l e m s .  
S u b j e c t s  i n v e s t i g a t e d  i n c l u d e :  

Car body s t r u c t u r a l  dynamics  
Veh ic1 . t  dynamic  m o t i o n s  and l o a d s  
T r u c k  e q u a l i z a t i o n  

SLRV Car Body S t r u c t u r e  Mode l  

I n  t h e  d e s i g n  s t a g e s  o f  a  v e h i c l e  t h e  assessment  
o f  t h e  dynamic  c h a r a c t e r i s t i c s  o f  t h e  c a r  body  s t r u c -  
t u r e  i s  n e c e c t a r y  t o  a v o i d  u n d e s i r a b l e  v i b r a t i o n  u n d e r  
a c t u a l  o p e r a t i n g  c o n d i t i o n s .  H i s t o r i c a l l y ,  c a l c u l a -  
t i o n s  o f  t h e  n a t u r a l  f r e q u e n c i e s  and mode shapes o f  
t h e  c a r  body  were  p e r f o r m e d  b y  r e p r e s e n t i n g  t h e  s t r u c -  
t u r e  as a  u n i f o r m  beam o r  a  s e r i e s  o f  beam e l e m e n t s .  
T h i s  may be a  v e r y  m i s l e a d i n g  a p p r o a c h  s i n c e  r a i l c a r  
s t r u c t u r e s  a r e  f a r  f r o m  b e i n g  u n i f o r m  beams due t o  
t h e i r  many c u t o u t s  f o r  d o o r s  and windows.  Even a t t e m p t s  
t o  r e p r e s e n t  such a  complex  s t r u c t u r e  b y  a  s e r i e s  of 
beam e l e m e n t s  w i t h  s h e a r  and b e n d i n g  s t i f f n e s s  p r o -  
p e r t i e s  i s  u n l i k e l y  t o  y i e l d  c o r r e c t  r e s u l t s .  E f f e c t s  
o f  l o c a l  s t r u c t u r e  such as f l o o r  beams, s i d e  s i l l s ,  
and a t t a c h m e n t s  o f  heavy components demand r e p r e s e n t a -  
t i o n  o f  t h r e e - d i m e n s i o n a l  e f f e c t s  such  as s e c t i o n  
b r e a t h i n g ,  b u l g i n g  o r  l a t e r a l  p a r a l l e l o g r a m i n g .  

A d e t a i l e d  f i n i t e  e l e m e n t  s t r u c t u r a l  r e p r e s e n t a -  
t i o n  o f  t h e  c a r  body  p r o v i d e s  a method f o r  a c c o u n t i n g  
f o r  a c t u a l  d e t a i l s  o f  t h e  s t r u c t u r e ,  i n c l u d i n g  e f f e c t s  
o f  c u t o u t s  f o r  d o o r s  and windows.  I t  c o n s i s t s  o f  d 
t h r e e - d i m e n s i  ona 1  g r i d  work  o f  node p o i  n t s  and c o o r d i  - 
n a t e s .  The node p o i n t  l o c a t i o n s  and p r o p e r t i e s  of 



c o n n e c t i n g  s t r u c t u r a l  members a r e  s p e c i f i e d .  Mass d a t a  
f o r  t h e  v e h i c l e  may be d i s t r i b u t e d  ( l u m p e d  a t  t h e  node 
p c i n t s .  The c o m p u t e r  p r o g r a m  uses  t h e s e  d a t a  t o  f o rm  
mass and  s t i f f n e s s  m a t r i c e s  and  f i n a l l y  compu tes  
n a t u r a l  modes a n d  f r e q u e n c i e s  f r o m  t h e  f r e e  v i b r a t i o n  
e q u a t i o n s  o f  m o t i o n :  

The NASTRAN f i n i t e  e l e m e n t  p r o g r a m  was u s e d  f o r  
c a r  body  d y n a m i c  a n a l y s i s  o f  t h e  SLRV a r t i c u l a t e d  t r a m  
b e i n g  m a n u f a c t u r e d  f o r  t h e  M a s s a c h u s e t t s  Bay T r a n s p o r -  
t a t i o n  A u t h o r i t y  and  San F r a n c i s c o  M u n i c i p a l  R a i l w a y .  
T h i s  same s t r u c t u r a l  mode l  was a l s o  u s e d  t o  c a l c u l a t e  
s t r e s s e s  and d e f l e c t i o n  u n d e r  s t a t i c  l o a d i n g .  

The p r i m a r y  o b j e c t i v e s  o f  t h e  dynamic  a n a l y s i s  o f  
t h e  c a r  body  s t r u c t u r e  we re :  

a.  De tune  c a r  body  s t r u c t u r e  t o  i n s u r e  m i n i m a l  
f l e x i b l e  c a r  b o d y  v i b r a t i o n .  The p r i m a r y  
s o u r c e s  o f  e x c i t a t i o n  i n  t h e  o p e r a t i n g  
s p e e d  r a n g e  w h i c h  we re  a v o i d e d  b y  d e t u n i n g  
t h e  c a r  body  s t r u c t u r e  a r e  shown i n  F i g u r e  
3. 

O p t i m i z e  any  s t r u c t u r a l  changes  r e q u i r e d  t o  
a c h i e v e  p l a c e m e n t  o f  t h e  c a r  body  n a t u r a l  
modes above  a  12 Hz o b j e c t i v e  w i t h  min imum 
w e i g h t  p e n a l t y .  T h i s  i n s u r e s  t h a t  t h e s e  
modes w i  11 n o t  cause  amp1 i f i c a t i o n  o f  t h e  
v i b r a t i o n  i n  t h e  i m p o r t a n t  f r e q u e n c y  r a n g e  
o f  4 Hz t o  7 Hz whe re  human s e n s i t i v i t y  
i s  g r e a t e s t .  

S i n c e  t h e  c a r  body  i s  suspended  a t  l o w  f r e q u e n c i e s  
t h e  s t r u c t u r a l  n a t u r a l  f r e q u e n c i e s  c a n  be c o n s i d e r e d  
d e c o u p l e d  f r o m  t h e  r i g i d  b o d y  s u s p e n s i o n  f r e q u e n c i e s .  
T h i s  a l l o w s  t h e  c a r  body  t o  be  an a n a l y z e d  as a  " f r e e -  
f r e e "  s t r u c t u r e  w i t h ,  o f  c o u r s e ,  d e l e t i o n  o f  t h e  z e r o  
f r e q u e n c y  r i g i d  body  n a t u r a l  f r e q u e n c i e s .  

E a r l ,  i n  t h e  d e s i g n  o f  t h e  SLRV, c a l c u l a t i o n s  
u s i n g  t h i s  f i n i t e  e l e m e n t  t y p e  o f  mode l  i n d i c a t e d  t h a t  
t h e  f i r s t  v e r t i c a l  b e n d i n g  f r e q u e n c y ,  t h e  p r i m a r y  
s o u r c e  o f  c a r  body  f l e x i b l e  v i b r a t i o n ,  was o n l y  8 Hz 
w i t h  t h e  s t r u c t u r a l  members s i z e d  on s t a t i c  l o a d  con -  
s i d e r a t i o n s .  T h i s  mean t  t h a t  t h e  f r e q u e n c y  o f  t h e  
f i r s t  h a r m o n i c  o f  w h e e l  r o t a t i o n ,  a  m a j o r  s o u r c e  o f  
e x c i t a t i o n ,  w c u l d  c o i n c i d e  w i t h  t h i s  n a t c r a l  f r e q u e n c y  
i n  t h e  o p e r a t i n g  speea r a n g e  r e s u l t i n g  i n  h i g h  v i b r a -  
t i o n  t h r o u g h o u t  t h e  c a r .  To e l i m i n a t e  t h i s  p r o b l e m  
s e v e r a l  s t r u c t u r a l  m o d i f i c a t i o n s  were  e v a l u a t e d  t o  



r a i s e  t h e  f i r s t  v e r t i c a l  b e n d i n g  f r e q u e n c y  above 12.0 Hz.  
The l i g h t e s t  and s i m p l e s t  d e s i g n  w h i c h  m c t  t h e  12.0 H z  
f r e q u e n c y  o b j e c t i v e  i n v o l v e d  mak ing  a t r u s s  a r r a n g e m e n t  
a t  t h e  r e a r  o f  t h e  l o n g i t u d i n a l  e q u i p m e n t  e n c l o s u r e  
compar tments  mounted on b o t h  s i d e s  o f  t h e  c a r  u n d e r f r a m e .  
T h i s  a r rangemen t  p r o v i d e d  two l o n g i t u d i n a l  beams a p p r o x i  - 
m a t e l y  24 i n c h e s  deep r u n n i n g  a l m o s t  f r o m  t h e  f o r w a r d  
b o l s t e r  t o  t h e  a r t i c u l a t i o n  b o l s t e r .  The SLRV NASTRAN 
s t r u c t u r a l  model ,  shown i n  F i g u r e  4, c o n s i s t e d  of 140 
nodes, 350 s t r u c t u r a l  e l e m e n t s  and 846 deg rees  of  
freedom. Computer  e x e c u t i o n  t i m e  on t h e  I B M  System 
360 was 25 m i n u t e s  f o r  each s t r u c t u r a l  c o n f i g u r a t i o n  
a n a l y z e d  a t  a  c o s t  o f  a p p r o x i m a t e l y  $750.00. 

The c a r  body d e t u n i n g  s t u d y  was p e r f o r m e d  i n  
a p p r o x i m a t e l y  s i x  weeks and t h e  r e s u l t s  a v a i l a b l e  i n  
t i m e  t o  i m p a c t  t h e  c a r  body s t r u c t u r e  d e s i g n .  On t h e  
b a s i s  o f  t h e s e  r e s u l t s ,  s t r u c t u r a l  changes were  made 
w h i c h  w i l l  i m p r o v e  t h e  v e h i c l e  r i d e  q u a l i t y .  

SLRV T o r s i o n  Loads Model 

The SLRV i s  a  t h r e e  t r u c k  a r t i c u l a t e d  v e h i c l e  
c o n s i s t i n g  o f  two c a r  b o d i e s  c o n n e c t e d  b y  an a r t i c u l a -  
t i o n  s e c t i o n .  A l t h o u g h  t h i s  t y p e  o f  v e h i c l e  has been 
i n  s e r v i c e  i n  Eu rope  f o r  many y e a r s  t h e  e x i s t i n g  a r t i -  
c u l a t i  on d e s i g n s  do n o t  p e r m i t  an e x t e r i o r  a s t h e t i  c  
appearance and have s l i d i n g  s u r f a c e s  w h i c h  expose gaps 
c a p a b l e  o f  i n j u r i n g  human l i m b s  when t h e  veh ic :e  i s  
n e g o t i a t i n g  a  t u r n ,  h i l l  o r  v a l l e y .  The u n i q u e  a r t i -  
c u l a t i o n  d e s i g n  o f  t h e  SLRV e l i m i n a t e s  t h e s e  p rob lems  
b u t  r e q u i r e s  t h a t  t h e  r e l a t i v e  m o t i o n  be tween  t n e  c a r  
body  s e c t i o n s  be k e p t  b e l o w  . 2  i n c h e s .  

To d e t e r m i n e  t h e  dynamic t o r s i  on 1  r dds i n  t h e  
a r t i c u l a t i o n  beams, t h e  l a t e r a l  r e l a t i v ~ ,  m o t i o n s  
be tween t h e  " A "  and "B" c a r  body s e c t i o n s  due t o  
c r o s s - l e v e l  t r a c k  i n p u t s  and t h e  c a r  body r o l l  f r e -  
q u e n c i e s ,  an a n a l y t i c a l  model  o f  t h e  SLRV was d e v e l o p e d  
and i s  shown i n  F i g u r e  5 .  The e x i s t i n g  c a r  body  
s t r u c t u r e  i n c l u d e d  a r t i c u l a t i o n  beams l o c a t e d  a t  
under f rame h e i g h t .  An a d d i t i o n a l  s t r u c t u r e  was e v a l u a -  
t e d ,  a  c ? *  o - c a r  and a r t i c u l a t i  - . I - t o -ca r  1  i nkage a t  
t h e  r o o f  : t h e  v e h i c l e .  The e f f e c t  o f  c a r  body 
t o r s i o n  was i n c l u d e d  i n  t h e  a n a l y s i s ,  w i t h  t h e  f i r s t  
t o r s i o n  n a t u r a l  f r e q u e n c y  and mode shape d e t e r m i n e d  
f r o m  t h e  NASTRAN f i n i t e  e l e m e n t  mode l .  

R o l l  deg rees  o f  f r e e d o m  were  c o n s i d e r e d  f o r  t h e  
two powered t r u c k s  a t  t h e  ends o f  t h e  c a r s ,  t h e  un-  
powered t r u c k  u n d e r  t h e  a r t i c u l a t i o n  s e c t i o n ,  t h e  
' A "  and " B "  c a r  b o d i e s ,  and t h e  a r t i c u l a t i o n  s e c t i o n .  
One f l e x i b l e  t o r s i o n  mode was i n c l u d e d  f o r  each c a r  



body s e c t i o n  a l o n g  w i t h  damping i n  t h e  s e c o n d a r y  s u s -  
p e n s i o n  sys tem.  P r i m a r y  and secondary  s u s p e n s i o n  
e lemen ts ,  c h e v r o n s  and a i r s p r i n g s ,  and t h e  a r t i c u l a t i o n  
beams were r e p r e s e n t e d  as l i n e a r  e q u i v a l e n t  r o t a t i o n a l  
s p r i n g s .  Phased c r o s s - l e v e l  t r a c k  i n p u t s  were  a p p l i e d  
as a n g u l a r  r o t a t i o n s  t o  each t r u c k .  

The e q u a t i o n s  o f  m o t i o n  were d e r i v e d  u s i n g  com- 
p u t e r  p rog ram LSD; and CSMP used  t o  d e t e r m i n e  t h e  t i m e  
h i s t o r i e s  o f  t h e  f o r c e s  and m o t i o n s  w h i l e  t h e  v e h i c l e  
was e x c i t e d  by t h e  t r a c k  c r o s s - l e v e l  p e r t u r b a t i o n s .  

C r i t i c a l  c a r  body l a t e r a l  r e l a t i v e  m o t i o n s  were 
c a l c u l a t e d  a t  t h e  t o p  o f  t h e  c a r  body 90 i n c h e s  above 
t h e  a r t i c u l a t i o n  beams. The e f f e c t  on a r t i c u l a t i o n  
t o  c a r  body r e l a t i v e  m o t i o n s  o f  t h e  t o r s i o n a l  s t i f f n e s s  
of t h e  a r t i c u l a t i o n  beams was i n v e s t i g a t e d  and t h e  
r e s u l t s  shown i n  F i g u r e  6. The d a t a  i s  p r e s e n t e d  f o r  
empty c a r  w e i g h t  and a  speed o f  40 mph w i t h o u t  an  
i n t e r - c a r  l a t e r a l  l i n k  and i s  t h e  maximum p o s i t i v e  and 
n e g a t i v e  a m p l i t u d e s  d u r i n g  t h e  c o m p l e t e  t i m e  h i s t o r y .  

T h i s  s t u d y  i n d i c a t e d  t h a t  t h e  l a t e r a l  d i s p l a c e m e n t s  
were  exceeded w i t h  any  p r a c t i c a l  a r t i c u l a t i o n  beam 
d e s i g n ;  and t h e  l a t e r a l  l i n k  was r e q u i r e d .  

The e f f e c t  on " A "  c a r  body t o  "B" c a r  body and 
a r t i c u l a t i o n  t o  c a r  body  r e l a t i v e  m o t i o n s  o f  t h i s  
l i n k  i s  shown i n  F i g u r e  7 .  The d a t a  a r e  p r e s e n t e d  a t  
empty c a r  w e i g h t  as a  f u n c t i o n  o f  v e h i c l e  speed.  W i t h  
a  c a r - t o - c a r  s p r i n g  r a t e  o f  30,000 I b . / i n .  and an 
a r t i c u l a t i o n  t o  c a r  s p r i n g  r a t e  o f  1000 l b . / i n .  t h e  
r e l a t i v e  d i s p l a c e m e n t  o f  t h e  " A "  c a r  r e l a t i v e  t o  t h e  
" 0 "  c a r  was r e d u c e d  f rom .90 i n c h  t o  .02 i n c h .  Load 
t r a n s m i t t e d  t o  t h e  a r t i c u l a t i o n  s t r u c t u r e  b y  t h e  l i n k  
was c a l c u l a t e d  t o  be a p p r o x i m a t e l y  700 l b .  maximum. 
The l o a d  t r a n s m i t t e d  t o  t h e  c a r  b o d i e s  by t h e  l i n k  i s  
a p p r o x i m a t e l y  700 l b .  maximum f o r  h a l f - s i n e  c r o s s  
l e v e l  i n p u t s .  S e v e r a l  o t h e r  t r a c k  dynamic  p r o f i l e s  
were  employed t o  d e t e r m i n e  t h e  maximum e x p e c t e d  l o a d s  i n  
s e r v i c e .  

The model  d e s c r i b e d  above was d e v e l o p e d  and checked 
o u t  i n  o n l y  32 manhours.  Computer e x e c u t i o n  t i m e  was 
on t h e  o r d e r  o f  30 seconds f o r  c o m p u t a t i o n  of 5 seconds 
r e a l  t i m e  d a t a  a t  a  c o s t  o f  $30.30 f o r  each  l i n k  con -  
f i g u r a t i o n  o r  t r a c k  p r o f i l e  a n a l y z e d .  

Based on t h e  r e s u l t s  o f  t h i s  a n a l y t i c a l  s t u d y ,  an 
i n t e r - c a r  l i n k  was d e s i g n e d  and i n c o r p o r a t e d  i n  t h e  
SLRV and i t s  f u n c t i o n  i s  t o  m i n i m i z e  c a r  body t o  a r t i -  
c u l a t i o n  r e l a t i v e  m o t i o n s .  W i t h o u t  an  i n t e r - c a r  l i n k  



t h e s e  m o t i o n s  w o u l d  have caused i n t e r f e r e n c e s  between 
t h e  s t r u c t u r a l  components i n  t h e  a r t i c u l a t i o n  s e c t i o n  
r e s u l t i n g  i n  wear and p o s s i b l e  damage. 

CTA R i  de Qua 1  i t y  Model 

The 13 -deg ree  o f  f reedom r a i l c a r  v e r t i c a l  model  
d e s c r i b e d  and shown i n  F i g u r e  8 was d e v e l o p e d  f o r  t h e  
p r e d i c t i o n  o f  r i d e  q u a l i t y  and p r i m a r y  and secondary  
s u s p e n s i o n  dynamic  l o a d s .  T h i s  c a p a b i l i t y  i s  n e c e s s a r y  
i n  t h e  t e c h n i c a l  e v a l u a t i o n  o f  c a r  body,  t r u c k ,  and 
s u s p e n s i o n  p a r a m e t e r s .  T h i s  model  c o n s i d e r s  t h e  dynamics  
of t h e  e n t i r e  system, t r u c k ,  and c a r  body  w h i c h  p e r m i t s  
a  t o t a l  sys tems a n a l y s i s .  H i s t o r i c a l l y ,  t r u c k  and c a r  
body  p a r a m e t e r s  e v o l v e d  i n d e p e n d e n t l y  and c o n s i d e r a t i o n  
of t h e  t o t a l  v e h i c l e  dynamic  c h a r a c t e r i s t i c s  was 
n e g l e c t e d .  

The d i f f e r e n t i a l  e q u a t i o n s  o f  m o t i o n  were  d e r i v e d  
f r o m  t h e  e n e r g y  e q u a t i r  as u s i n g  c o m p u t e r  p rog ram LSD 
and programmed on C S M P .  The model i n c l u d e s  t h e  f o l l o w -  
i n g  deg rees  o f  f reedom:  V e r t i c a l ,  p i t c h ,  and r o l l  of 
t h e  c a r  body and t r u c k  s p r u n g  mass as w e l l  as two 
f l e x i b l e  c a r  body modes. The e f f e c t s  of n o n - l i n e a r  
s u s p e n s i o n  e l e m e n t s  ( s p r i n g s  and dampers)  a l o n g  w i t h  
t r u c k  s p a c i n g ,  wheel  base,  and c a r  body geomet ry  a r e  
i n c l u d e d .  Phased, dynamic  t r a c k  p r o f i l e s  a t  each 
wheel  a r e  used t o  e x c i t e  t h e  mode l .  A t y p i c a l  dynamic 
t r a c k  p r o f i l e  o f  j o i n t e d  r a i l  used i n  p a r a m e t r i c  
s t u d i e s  i s  shown i n  F i g u r e  9 .  

To v a l i d a t e  t h i s  model  a  CTA 2000 S e r i e s  c a r  was 
mode led  and t h e  a n a l y t i c a l  p r e d i c t i o n  of  c a r  body  
v i b r a t i o n  compared t o  t e s t  d a t a .  C o r r e l a t i o n  was good 
o v e r  t h e  speed r a n g e  i n v e s t i g a t e d ;  and a  sample  com- 
p a r i s o n  o f  t h e  t e s t  d a t a  and a n a l y t i c a l  p r e d i c t i o n  i s  
shown i n  F i g u r e  10.  

The a n a l y s i s  shows t h e  m i x e d  f r e q u e n c y  r e s p o n s e  
r e s u l t i n g  f r o m  s u p e r - p o s i  t i o n  o f  t h e  l o w  f r e q u e n c y  r a i l  
j o i n t  and h i g h e r  f r e q u e n c y  whee lbase e x c i t a t i o n s ,  T h i s  
model i s  c u r r e n t l y  b e i n g  used  f o r  r i d e  q u a l i t y  s t u d i e s  
t o  o p t i m i z e  t h e  s u s p e n s i o n  sys tem o f  t h e  B o e i n g  
d e s i g n e d  CTA r a p i d  t r a n s i t  r a i l c a r s  t o  i n s u r e  l o w  v i b r a -  
t i o n  l e v e l s .  E x e c u t i o n  t i m e  f o r  c o m p u t a t i o n  o f  5 
seconds o f  r e a l  t i m e  d a t a  i s  a p p r o x i m a t e l y  100 seconds 
a t  a  c o s t  of $70.00. 

S L R V  T r u c k / P r o p u l s i o n  U n i t  Dynamic Model 

T h i s  model ,  shown i n  F i g u r e  11, was g e n e r a t e d  t o  
c a l c u l a t e  t h e  c o u p l e d  t r u c k / r o n o - m o t o r  p r o p u l s i o n  u n i t  
n a t u r a l  f r e q u e n c i e s  and v i b r a t i o n s  r e s u l t i n g  f r o m  coup-  
l i n g  u n b a l a n c e  f o r c e s .  The p r i m a r y  o b j e c t i v e  o f  t h e  



t h e  a n a l y s i s  was t c  s e l e c t  t h e  opt imum m o t o r  mount  
s t i f f n e s s  t o  s e p a r a t e  t h e  p r o p u l s i o n  u n i t  v e r t i c a l /  
p i t c h  f r e q u e n c i e s  f rom t h e  mo to r ,  whee l  and c o u p l i n g  
f i r s t  and second h a r m o n i c  u n b a l a n c e  f o r c e  f r e q u e n c i e s  
i n  t h e  o p e r a t i n g  speed r a n g e .  Such a  r e s o n a n t  c o n d i -  
t i o n  wou ld  i n d u c e  h i g h  l o a d s  and pe rhaps  cause f a i l u r e  
o f  t h e  m o t o r  o r  gea rbox .  I t  was s u b s e q u e n t l y  shown 
t h a t  a  s i m p l i f i e d  two-degree  o f  f r e e d o m  sys tem of  t h e  
p ro ;u l s ion  u n i t  w i t h  t h e  m o t o r  mounts f i x e d  t o  g r o u n d  
w o u l d  have y i e l d e d  r e s u l t s  w h i c h  were i n  e r r o r  because 
o f  t h e  s t r o n g  dynamic  c o u p l i n g  be tween t h e  p r o p u l s i o n  
u n i t  and t h e  t r u c k  f r a m e  suspended on r e l a t i v e l y  s o f t  
c h e v r o n  p r i m a r y  s u s p e n s i o n  s p r i n g s .  

I n  t h e  a n a l y s i s  t h e  p r o p u l s i o n  u n i t  and t h e  t r ~ c k  
f rame were g i v e n  a l l  s i x  deg rees  o f  f reedom and each 
s u s p e n s i o n  e l e m e n t  had s t i f f n e s s  components i n  t h r e e  
d i r e c t i o n s .  C a l c u l a t i o n  o f  t h e  s y s t e m ' s  t w e l v e  n a t u r a l  
modes and f r e q u e n c i e s  was a c c o m p l i s h e d  i n  t h e  f o l l o w i n g  
s t e p s ,  many o f  w h i c h  were  p e r f o r m e d  by t h e  compu te r .  

1 )  W r i t e  p o t e n t i a l ,  d i s s i p a t i o n  and k i n e t i c  
ene rgy  e x p r e s s i o n s .  

2 )  I n p u t  t h e s e  e q u a t i o n s  t o  compu te r  p rog ram 
LSD t o  d e r i v e  t;,e e q u a t i o n s  o f  m o t i o n .  

3 )  A r r a n g e  t h e  r e s u l t i n g  e q u a t i o n s  of m o t i o n  
i n t o  damping, s t i f f n e s s  and i n e r t i a  m a t r i c e s .  

4 )  U s i n g  WATFOR, c a l c u l a t e  t h e  m a t r i x  c o e f f i -  
c i e n t s  f r o m  t h e  sys tem mass, s t i f f n e s s ,  
dampi ng p a r a m e t e r s  and geomet ry .  

5 )  Use a  c o m p u t e r i z e d  Q R  a l g o r i t h m  t o  s o l v e  
f o r  n a t u r a l  f r e q u e n c i e s  and mode shapes.  

Compu ta t i on  of  t h e  damped f o r c e d  r e s p o n s e  was p e r -  
formed u s i n g  t h e  m a t r i c e s  d e r i v e d  b y  LSD. A WATFOR 
m a t r i x  m a n i p u l a t i o n  p rog ram was g e n e r a t e d  t o  p e r f o r m  
t h e  f o l l o w i n g  c a l c u l a t i o n s .  



M . ( J ~  . . . - C U I i s  f o r m e d  f r o m  t h e  s t i f f n e s s  
( K ) ,  damp ing  (C) and  i n e r t i a  . . , K  - M.o2 (M) m a t r i c e s .  

i s  a  c o l u m n  m a t r i x  o f  phased  
coup1  i n g  g e n e r a t e d  f o r c e s  a n d  
moments.  

i s  a  c o l u m n  m a t r i x  of  d i s -  
p l a c e m e n t s .  

,:s t h e  m o t o r  e x c i t a t i o n  
f r e q u e n c y  . 

I n v e r s i o n  o f  t h e  24 X 2 4  m a t r i x  i s  r e q u i r e d  a t  
e a c h  d i s c r e t e  e x c i  t a t i o n  f r e q u e n c y .  C l e a r l y  t h i s  r e -  
p e t i t i v e  c a l c u l a t i o n  p e r f o r m e d  m a n u a l l y  w o u l d  have  been  
' t  m o n u m e ~ t a l  t a s k  and  s u b j e c t  t o  numerous a r i t h m e t i c  
e r r o r s .  C a l c u l a t i o n  o f  t h e  s t i f f n e s s  ( K ) ,  damping  (C)  
and  i n e r t i a  ( M )  m a t r i x  c o e f f i c i e n t s ,  f o r m u l a t i o n  and  
i n v e r s i o n  o f  t h e  2 4  X 24  d y n a m i c  m a t r i x ,  a p d  t h e  m a t r i x  
mu1 t i p l i c a t i o n  r e q u i r e d  a p p r o x i m a t e l y  10  seconds  o f  
c o m p u t e r  t i m e  a t  a  c o s t  o f  1.00 d o l l a r .  A  samp le  f r e -  
quency  r e s p o n s e  c u r v e  s h o w i n g  t h e  t h e o r e t i c a l  p r e d i c t -  
i n t 1 s  o f  t h e  t r u c k  and m o t o r  v e r t i c a l  a c c e l e r a t i o n s  as 
a f u n c t i o n  o f  v e h i c l e  s p e e d  f o r  t h e  d e t u n e d  c o n f i g u r a -  
t i o n  i s  p r e s e n t e d  i n  F i g u r e  12 .  As c a n  b e  s e e n  f r o m  
t h i s  f i g u r e ,  t h e  maximum v e r t i c a l  a c c e l e r a t i o n  of  t h e  
m o t o r  and  g e a r b o x  i s  o n l y  .08 g ' s  u p  t o  60 m i l e s  p e r  
h o u r .  

CTA T r u c k  E q u a l i z a t i o n  A n a l y s i s  

E v a l u a t i o n  o f  a t r u c k ' s  a b i l i t y  t o  s a f e l y  n e g o t i -  
a t e  v e r t i c a l l y  m i s a l i g n e d  r a i l  i s  g e n e r a l l y  d e f i n e d  i n  
t e r m s  o f  i t s  s t a t i c  e q u a l i z a t i o n  c h a r a c t e r i s t i c s .  
E q u a l  i z a t i o n  r e q u i r e m e n t s  a r e  e x p r e s s e d  as p e r c e n t  
changes  i n  v e r t i c a l  w h e e l  l o a d s  when one whee l  o r  
j o u r n a l  box  i s  r a i s e d  a  s p e c i f i e d  h e i g h t .  A g e n e r a l l y  
a c c e p t e d  c r i t e r i a  i s  t h a t  j a c k i n g  one w h e e l  2 i n c h e s  
t h e  v e r t i c a l  l o a d  on  any  o t h c r  w h e e l  s h a l l  n o t  change  
b y  more  t h a n  20%. I n  o r d e r  t o  p r o v i d e  t h e  c a p a b i l i t y  
t o  d e t e r m i n e  t h e  t r u c k  e q u a l i z a t i o n  c h a r a c t e r i s t i c s  o f  
the B o e i n g  V e r t o l  CTA r a p i d  t r a n s i t  r a i l c a r s ,  a  com- 
p u t e r  a n a l y s i s  o f  t h e  v e h i c l e  w i t h  a  p r o p o s e d  t r u c k  
d e s i g n  was d e v e l o p e d  and  i s  shown i n  F i g u r e  13 .  The 
19 d e g r e e  o f  f r e e d o m  mode l  i n c l u d e s  t h e  e f f e c t s  o f  



j o u r n a l  box e l a s t o m e r s ,  p r i m a r y  s u s p e n s i o n ,  secondary  
s u s p e n s i o n  and a p p r o p r i a t e  geomet ry ,  A r i g i d  c a r  body 
and t r u c k  f rame were  assumed. 

T'he sys tem s t i f f n e s s  m a t r i x  was g e n e r a t e d  u s i n g  
LSD w i t h  t h e  k i n e t i c  and d i s s i p a t i o n  e n e r g y  e x p r e s s i o n s  
s e t  e q u a l  t o  z e r o .  

The m a t r i x  method o f  s o l l ~ t i o n  employed t o  o b t a i n  
t h e  l o a d  changes i s  d e s c r i b e d  b y  t h e  f o l l o w i n g  e q u a t i o n s .  

The l o a d  d e f o r m a t i o n  r e l a t i o n s h i p  f o r  a s t r u c t u r e  
may be e x p r e s s e d  i n  m a t r i x  f o r m  as :  

where [$ i s  t h e  u n c o l l a p s e d  s t i f f n e s s  
m a t r i x  t h e  s t r u c t u r e  [g i s  a  m a t r i x  
o f  d e f l e c t i o n s ,  and [FJ i s  a  m a t r i x  o f  
f o r c e s .  

The above m z t r i x  e q u a t i o n  may be w r i t t e n  
i n  p a r t i t i o n e d  f o r m  as :  

where t h e  s u b m a t r i c e s  a r e :  

X u  = unknown d e f l e c t i o n s  

X n  = known d e f l e c t i o n s  

Fa = a p p l i e d  l o a d s  

Fb  = boundary  r e a c t i o n s  

e x p a n d i n g  p a r t i  t i  oned fo rm y i e l d s :  

(3) K u  X u  + KnT X n  = F a  

( 4 )  K n  X U  + Knn X n  Fb 

S o l v i n g  e q u a t i o n  ( 3 )  f o r  X U  

( 5 )  xu = ~ " - 1  Fa - K,T X, 



Once t h e  unknown d i s p l a c e m e n t s  a r e  computed t h e  
s p r i  ng f o r c e s  and whee l  r e a c t i o n s  a r e  e a s i  l y  d e t e r m i  ned. 
A f l o w  d iag ram i l l u s t r a t i n g  t h e  l o g i c  of t h e  computer  
a n a l y s i s  i s  shown i n  F i g u r e  14.  

A l t e r n a t i v e l y  t h e  N A S T R A N  f i n i t e  e l e m e n t  approach  
may be used i f  a  l a r g e  number o f  degrees of f reedom a r e  
r e q u i r e d  as i n  t h e  case o f  t h e  Wegmann t r u c k  d e s i g n  
w h i c h  e q u a l i z e s  by  t r u c k  f r a m e  f l e x i b i l i t y  r a t h e r  t h a n  
d e f l e c t i o n  o f  t h e  p r i m a r y  suspe: .s ion.  A compar i son  o f  
computed wheel r e a c t i o n s  u s i n g  t h e  m a t r i x  m a n i p u l a t i o n  
program d e s c r i b e d  above and a  N A S T R A N  model of a  r i g i d  
f rame t r u c k  i s  shown be low i n  t h e  t a b l e .  As c o u l d  be  
expected,  c o r r e l a t i o n  i s  v e r y  good.  

C O M P P R I S O N  O F  C L O S E D  FORM S O L U T I f i b l  
v S  

N A S T R A N  

( C L O S E D  FORM 
M A T R I  X ( N A S T R A N )  

L O A D  MAN I P U  L A T I  ON L O A D S  
B E F O R E  PROGRAM) A F T E R  

WHEEL J A C K I N G  L O A D S  A F T E R  J J A C K I N G  % 
NO. L B J A C K I N G - L B  CHAi'iGE !- B CHANGE 



Computer e x e c u t i o n  t i m e  f o r  t h e  c l  osed f o r m  s o l u t i o n  
i s  5 seconds w h i l e  t h e  NASTRAN a n a l y s i s  o f  a  r i g i d  f r a m e  
t r u c k  r e q u i r e s  a p p r o x i m a t e l y  60 seconds a t  a  c o s t  of 
a p p r o x i m a t e l y  5.00 d o l l a r s .  T h i s  t y p e  o f  a n a l y s i s  i s  
b e i n g  used t o  i n s u r e  t h a t  t h e  CTA t r u c k  s u s p e n s i o n  
sys tem p r o v i d e s  adequa te  wheel l o a d  e q u a l i z a t i o n  and 
s a f e t y  a g a i n s t  d e r a i l m e n t .  

A d d i t i o n a l  A n a l y t i c a l  Models 

Many a d d i t i o n a l  a n a l y t i c a l  mode ls  have been d e v e l o p -  
ed  u s i n g  NASTRAN, CSMP, LSD and WATFOR m a t r i x  man i -  
p ~ t l a t i o n  programs t o  s o l v e  p r o d u c t i o n  o r i e n t e d  e n g i n e e r -  
i n g  prob lems on t h e  SLRV and CTA v e h i c l e s .  C a l c u l a t i o n s  
were per formed t o  d e t e r m i n e :  

Optimum v e r t i c a l  and l a t e r a l  s u s p e n s i o n  s p r i n g  
2nd damper v a l u e s  f o r  t h e  SLRV t r u c k  t o  p r o -  
v i d e  l o w  v e h i c l e  v i b r a t i o n  l e v e l s .  ( S i m i l a r  
s t u d i e s  a r e  c u r r e n t l y  b e i n g  p e r f o r m e d  f o r  t h e  
CTA v e h i c l e ) .  (LSD, CSMP) 

Dynamic l o a d s  i n  t h e  s u s p e n s i o n  e l e m e n t s  of t h e  
CTA t r u c k s  t o  i n s u r e  t h a t  d  namic  s t r e s s  l e v e l s  
a r e  a c c e p t a b l e .  (LSD, CSPIP! 

Dynamic l o a d i n g  o f  t h e  SLRV t r a c k  b r a k e  s u p p o r t  
beams, a g a i n  t o  m i n i m i z e  dynamic s t r e s s  l e v e l s .  
(LSD, CSMP) 

S t i f f n e s s  r e q u i r e m e n t s  o f  SLRV s e a t  s u p p o r t  
s t r u c t u r e  t o  a v o i d  a m p l i f i c a t i o n  of v i b r a t i o n  
i n  t h e  4 H z  t o  8 Hz f r e q u e n c y  range,  a  r e g i o n  
p a r t i c u l a r l y  d i s c o m f o r t i n g  t o  humans. (NASTRAN) 

CONCLUDING REMARKS 

The computer  t e c h n o l o g y  e x i s t s  t o d a y  t o  s o l v e  many 
r a i l c a r  d y n z ~ ~ i i c  p rob lems t h a t  o n l y  a  decade ago were  
t r e a t e d  w i t h  pe rhaps  o v e r - s i m p l i f i e d  a n a l y s e s .  Many 
complex dynamics p rob lems  can be d e s c r i b e d  e a s i l y  by 
m a t r i x  e q u a t i o n s  and s o l v e d  u s i n g  t h e  h i g h  speed d i g i t a l  
computer  w h i c h  i s  i d e a l y  s u i t e d  t o  p e r f o r m  l a r g e  m a t r i x  
o p e r a t i o n s  such as i n v e r s i o n ,  m u l t i p l i c a t i o n ,  e t c .  
G i g i t a l  o r  even a n a l o g  s o l u t i o n s  can q u i c k l y  be o b t a i n e d  
f o r  l a r g e  numbers o f  d i f f e r e n t i a l  e q u a t i o n s  d e s c r i b i n g  
a  dynamic sys tem such as a  r a i l c a r .  These c o m p u t a t i o n s  
can be p e r f o r m e d  a c c u r a t e l y  f o r  r e l a t i v e l y  l o w  c o s t  i n  
s h o r t  p e r i o d s  o f  t i m e  p e r m i t t i n g  a n a l y s i s  t o  i m p a c t  a  
d e s i g n ;  r e d u c i n g  c o s t s  and l o w e r i n g  t h e  p o s s i b i l i t y  o f  
p rob lems on t h e  p r o d u c t i o n  v e h i c l e .  As e l e c t r o n i c  
advances a r e  made and computer  s t o r a g e  i n c r e a s e s  w h i l e  
e x e c u t i o n  t i m e  decreases,  more s o p h i s t i c a t e d  models can 



be generated g i  v i  ng even f u r t h e r  i n  depth understandi ng 
o f  complex problems. The t i n e ,  however, has a r r l v e d  
when meaningful ,  'accurate analyses can be performed 
t o  l e a d  and impact a v e h i c l e  design, no t  merely f o l l o w  
i t ,  
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R A I L  W H E E L  
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F I G U R E  4 - COMPUTER G E N E R A T E D  S L R V  N A S T R A N  CARBODY 
OY N A M I  C MODEL 



'-PHASED CROSS 
LEVEL INPUT 
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B A S I C  SUSPENSION CONFIGURATION 
EMPTY GROSS HEIGHT; SPEED = 4 0  MPH 

INPUT * 3 9 .  FOOT LENGTH 
.5 I N C H  AMPLSTUDE 
H A L F - S I N E  HAVES 
STAGGERED EVERY 19.5 FEET 

RELATIVE DISPLACEMENT 'A" CAR 
TO A R T I  CULATION 

I- 
z RELATIVE DISPLACEMENT " 0 "  CAR 

TO ARTICULATION 
W 
U 
< A 1 

1  .sy RELATIVE DISPLACEMENT " A *  CAR 
YI w 
3 l -  
L 
I 

1 .5 - 
I- 

= 0 '  ri 
W 
U * -.5 - 
4 
P 
V) " - 1 -  
a B A S I C  CAR BODY 

ARTICULATION BEAMS SPRING RATE: 
IN.LB./RAD X 1 0 - 6  

ARTICULATION BEAMS SPRING RATE: 
IN.LB./RAD X 1 0 ' ~  

FIGURE 6 - SLRV ART ICULAT ION/CAR BODY MOTIONS 
EFFECT OF A R T I  C U L A T I  ON BEAMS 

TO "B*  CAR 



B A S I C  SUSPENSION C O N F I C U R A T I O N  
EMPTY CAR WE1 GHT 

@ A W T I C U L A T I O N  BEAMS S P R I N G  RATE 8 9 0 0 0 0 0 .  I N - L B / R A D  

I N P U T  = 39. FOOT LENGTH . 5  I N C H  A M P L I T U D E  
I I A L F - S I  NE WAVES STAI;(iERED 
EVERY 1 9 . 5  F E E T  

LOAO I N  " A "  CAR 
A R T I C U L A T I O N  BEAMS 

- 5 0 .  
LOAD I N  %'' CAR 

- " * t  -iJ - 5 0 .  
LOAD I N  A R T 1  C U L A T I O N  

1 0 0 0 .  TO CAR L I N K  r 

R E L A T I V E  D I S P L A C E M E N T  OF 
" A n  CAR TO 'B*  CAR [ _ / \ c y B A I I C  CAR 

B A S I C  CAR 
W I T H  I N T E R  CAR - .'p 

-1 .o 
"\/ L I N K  

R E L A T I V E  D I S P L A C E M E N T  OF 
1 .Or " A "  CAR TO A R T I C U L A T I O N  

-1 .oL 
- 

R E L A T I V E  D ISPLACEMENT O F  
1 . O r  "B"  CAR TO ARTICULATION 

1 0 0 0 .  LOAO I N  I N T E R  CAR L I N K  - 
0  2 0  4 0  6 0  

e-- 
SPEEO - MPH 

0 .  

SPEED - MPH 

F I G U R E  7 - S L R V  CAR BODY M O T I O N S  AND LOADS 



11 DEGREES OF FREEDOM 
CAR BODY V E R T I C A L ,  ROLL,  P I T C H  

rn TWO CAR BODY F L E X I B L E  MODES (SHAKE T E S T  OR F I N I T E )  
ELEMENT O E T E R M I N A T I O N  G F  HODES AND F R E Q U E N C I E S )  

8 TRUCK V E R T I C A L ,  ROLL,  P I T C H  
N O N L I N E A R  S U S P E N S I O N  ELEMENTS - S P R I N G S  AND DAMPERS 
V A R l A B L L  TRUC!; AND CAR BODY fEOMETRY 
PHASED TRACK P R O F I L E  A T  EACH WHEEL I 

F I G U R E  8 - 1 1  D.O.F. R A I L  CAR V E R T I C A L  R I D E  Q U A L I T Y  MODEL 



DYNAMIC TRACK SURFACE PROFILE 

SOUTH R A I L  I UP 

1 I N C H  

1 INCH 

F I G U R E  9 - J O I N T E D  R A I L  



CAR BODY ACCELERATION OVER TRUCK 

J O I N T E D  R A I L  I N P U T  EMPTY CAR H E I G H T  
5 0  MPh 
PRIMARY SUSPENSION S T I F F N E S S  

= 1 7 , 5 0 0  LB/ IN /JOURNAL BOX 

( 1  9 )  WHEELBASE A FREQUENCY 

I 

0 . 1  .2 . 3  .4 .5 6 .7 .8 - 9  1.0 1 . 1  

T I M E  - SECONDS 

F I G U R E  10 - C O M P A R I S O N  O F  TEST A N D  P R E D I C T E D  CTA 

R I D E  Q U A L I T Y  



F I G U R E  11 - T R i J C K / P R O P U L S I O N  U N I T  A N A L Y T I C A L  M O D E L  



SPRING RATE - L B . / I N .  -- . -  - & h;.~ 'l;;wi- 
Prtmrry  Suspensjon 
Secondary Suspension 934 934 1,510 
Motor Mounts 18.300 55,000 55.000 
Rockwtl l  Coupling ,280 2,450 3,280 

COUPLING OFFSET = .25  AN.  (MAX.)  
NOTE: 15% CRITICAL OANPING 

F I G U R E  12  - TRUCK/PROPULSION U N I T  FORCED RESPONSE 



SECONDARY 

I M ~ O S E D  UHEEL OR 
JOURNAL D ISPLACEl4ENT 

F I G U R E  13 - G E N E R A L  T W O - T R U C K  E Q U A L I Z A T I O N  M O D E L  



GENERATE S T I F F N E S S  GTNLRATE FORCE M A T R I X  
M A T R I X  FROM S U S P E N S I O N  FROM I M P O S E D  D I S P L A C E M l N T S  
S P R I N G  RATES AND GEOMETRY AND E X l E R N A L  LOADS 

SUBMATRI  CES 

CALCULATE UNKNOWN D I S P L A C E M E N T S  
FROM J A C K I N G  I N P U T  

I 
CALCULATE S U S P E N S I O N  FORCES 

i 

CALCULATE WHEEL REACTIONS CALCULATE WHEEL R E A C T I O N S  
BEFORE J A C K I N G  AFTER J A C K I N G  

A 

CALCULATE PERCENT CHANGE 
I N  WHEEL R E A C T I O N S  

F I G U R E  1 4  - T R U C K  E Q U A L I Z A T I O N  A N A L Y S E S  FLOW D I A G R A M  



THE 'l3CMVOIX)GY APPLICATION 1lioCXSS AS 
APPLlED TO A FIREFIGH'Mt 3 UUATIlING SYS'SM 

Pat B. McLaugNm 

The National Aeronautics and Space Administration (NASA), through 
i t s  Technology Utilization Program, makes advances in  technology 
developed in the space program available to  the public. Ihrring recent 
years th is  has coincided with a growing demand for improved protective 
equipment and a better breathing system within f i r e  service organiza- 
tions. Because of i t s  experience i n  providing l i f e  support systems 
for space flight, the Johnson Space Center (JSC) was asked t o  deter- 
mine the feasibi l i ty  of developing an improved breathing system for 
firefighters. Such a system was determined to  be wi th in  the current 
state-of-the-art and JSC i s  completing a development program for an 
improved Firefighter's Breathing System (333s). The FBS consists of 
compressed a i r  stored i n  a backmounted pressure vessel, a series of 
valves and pressure regulators that meter the flow of breathing a i r  
and a face mask that covers the mouth, nose and eyes. 

PROCRAM P M  AND OBJECTIVE 

The involvement of NASA i n  the FBS Program resulted from two in- 
puts. First, f i r e  department inquiries t o  both NASA and Congres- 
sional leaders raised the point that i f  NASA can sustain l i f e  i n  a 
space environment, NASA should be able to  assis t  the f i r e  services 
i n  the improvement of their  breathing apparatus. Secondly, a survey 
conducted by Public Technology, Incorporated, defined ail improved 
FBS as the number one technology improvement desired by ci t ies .  As a 
result of these inputs, JSC conducted a preliminary survey to  deter- 
mine whether aerospace technology and, more specifically, technology 
developed within the Crew Systems Division a t  JSC could be applied to  
the f i r e  services to  develop a more effective FBS. Our preliminary 
survey indicated technology did exist that could satisfy the objective. 
A program proposal was formally defined and submitted to  the NASA 
Headquarters Technology Utilization Office and the program was approved 
and authorized . 

During preliminary phases of the FBS Program, it became apparent 
that many requirements would develop t h s t  normally are outside of 
the scope of past NASA programs. In i t s  aerospace role, NASA is  
basically i t s  own customer. To accomplish a mission NASA defines i t s  
own requirements and specifications, NASA i s  responsible for manu- 
facturing or contracting i t s  own hardware and accepts or rejects th is  



hurdware. NASA t r a ins  its own personnel i n  use of equipment and the  - 
use of the equipment i s  under NASA direction. This process i s  sie- 
nificulltly different  for  n public technology procram and the adarc- 
ness of these differences play an important ro le  i n  program plarmm. 

One 01' the l'ir.;i; task:: J'oUowir~~ progrrun apltroval wii;: tlic 
e::tubli:;hment of a U ~ e r  Recluirement;; Comnittcc Lo 1'ormul:ite requirt*- 
ment:; in terms of performance ob jectivc:: . This User Requirement L; 
Committee was composed of f i r e  department nnd c i t y  representatives. 
The cololmittee consisted of deputy chiefs in charge of equipment and 
department chiefs from both large  and small. c i t i e s .  Breathing 
apparatus manufacturers and regulatory agency representatives were 
not included because the committee was encouraged to define Czsirei 
FBS performance objectives without constraint by previous designs o r  
by current regulatory specifications. 

A t  the i n i t i a l  meeting of the  User Requirements Committee the  
FBS technical objectives defined i n  order of p r io r i ty  were: (1) 
increased duration with a reduction i n  weight and bulk; (2) improved 
human factors; (3) noderate cost t ha t  did not significantly exceed 
the cost of presently available systems ; and, (41 simple maintenance/ 
recharge. The committee defined the  following desirable churacter- 
i s t i c s :  (1)  minimum training requirements f o r  the  f i ref ighter ;  
( 2 )  ~ imp le  and infrequent maintenance operations; and, ($)  low cost 
2nd Ample recharge operations. Based on these User Requirement 
Committee objectives, a program plan was formuluted. This program 
plan defines f ive  phases tha t  were: (1) concept selection; (2) 
prototype design; ( 3 )  fabrication; (4) tes t ing;  and, (5) evaluation 
i n  f i ref ight ing conditions. In addition, coordination with the 
regulatory agencies, potential  manufacturers, a d  f i r e  service or- 
g:inizntions was t o  be accomplisheci throughout the duration of the 
program to ensure widespread acceptance and comrnercializatiorl of the 
YBS. Follc~wing the program thr0ug.h t o  commercialization by industry 
~ n s  chosen as  the end objective of the program rather than a shorter 
term objective c o n s i s t w  o f  or* report preparation or demonstration 
of a single prototype. To achieve the commer~!ialization and occep- 
tance by f i r e  ~ieyartments, a I'icld evnluation program by participating 
f i r e  dep:~rtnient s was judged t o  bc mandatory. 

The technology survey indicated many specif ic item:: of applicable 
technology were not truly uniclue t o  NASA. These item:: of technolow 
developed by NASA have been described i n  tcctu-licd pub1icut;ion;: or., 
+,he tecku~ology m s y  have been developed by industry unlicr NASA contract:;, 
thus providing industry f i r ~ t  hand knowledge of t l ~ e  technology. 
Therefore, why has the  private sector not previou.:Jy implemcntcd i;hi:; 
:;dv.rnced technology, and what specificaUy can NASA contribute in  the 
Cuechnolo~y im_t.lementntion? An initial need was t o  dcfine the barriers  
t o  the innov:ltion nnd commercialization of improvel.l breo thing cquip- 
merit fo r  f i ref ighters .  The following factors re la t ive  t o  12.3 mar- 
keting bec3me :~pparent. 



SYSTEM DESCRIPTION 

The first step in the F'BS development program was selection of 
the optimum system concept to fulfiU. the needs of the user. Based 
on information obtained from *he User Requirements Connittee, design 
goals were set for a system weight, configuretion, and a true 30 
minute system operating duration. Current sy::tems are rated as 30 
minute systems but generally have a shorter duration during actual 
firefighting conditions. To determine the optimum system concept 
based on these requirements an engineering study was conducted. A 
systems approach which considered both user and FBS as an integrated 
man/machine system was utilized. Respiratory physiological require- 

1. The fire service is a relatively diversified market that 
requires an 2xtensive sdos force and marketing effort,. It is 
difficult for a new manufacturer to enter this market with a now 
product because of the complex coordination required between the 
various regulatory agencies, fire service organizations, and indi- 
vidual fire departments. 

2. The financial return may not justify the new capital ex- 
penditures required to commercialize the technology. Frequently a 
manufacturer has established a market position as the result of past 
investments in production equipment, advertising and sales force 
training. The manufacturer is reluctant to commit development funds 
to a new product that may result in no great return on investment. 
The prospect of new markets or a greater share of the market is 
mandatory, otherwise an innovative product may compete only against 
the manufacturers existing products and no net increase in sales w i l l  
result. 

3. The fire service recently demanded better breathing equipment. 
Previously, the fire service used inadequate filter type masks with 
limited use of self contained systems or no breathing protection at 
a l l .  On3y recently has the fire service actively accepted the use of 
breathing apparatus and requested improvements. 

4. The current equipment procurement practices do not stress 
improved technology. The specification defined by fire departments 
have in the past been based on market availability. Also, specifi- 
cations have tended to be product oriented rather than performance 
oriented, thereby, placing an innovative but unknown product at a 
disadvantage. In addition, regulatory agency specifications are 
generally based on a series of requirements that have been developed 
through the years and are seldom designed to force technology in- 
novations. Thus, a status quo results that is caused by the inability 
of a manufacturer or fire department to force the technology. 

5.  The ultimate sales price of the system is a key factor in 
the fire department acceptance because they generally operate under 
budget constraints. To encourage greater expenditures the system 
improvement must be clearly relatable to an increase in firefighting 
efficiency. 



ments of workimg firefighters were defined, which included parameters 
of oxygen consumption and carbon dioxide cenc?ration rates, breathing 
flow requirements, and the required quantity of breathing gas. To 
assist in the development of a mLininaM fatigue support harness a 
study of human factors associated with load carrying was conducted, 
The concept selection study considered all technical approaches to 
portable breathing apparatus. Included in the study were various 
combinations of expendable compressed air, chemical and liquified 
gas in open loop, closed loop and rebreather configurations. Com- 
parison of the performance, operational and cost advantages and 
disadvantages of the various systems resulted in the selection of 
the compressed air open ;loop demand type system. 

Af'ter definition of the system concept, a lightweight pressure 
vessel development program was initiated. Concentration of effort 
was placed on this program for two reasons: (1) the pressure vessel 
was considered the key candidate for weight reduction; and, (2) the 
pressure vessel was expected to have the longest development lead 
time, The pressure vessel selected is cylindrical in shape and 
designed to store air at a pressure of 4500 psi as opposed to the 
current 2200 psi. Other shapes such as spherical, toroidal and 
coiled tub* were considered as was the possibility of using two or 
more small pressure vessels instead of one large vessel. However, 
these ideas were rejected because of cost. The 4500 psig p-essure 
level was selected as the optimum for reducing the system bulk yet 
not exceeding regulator technology and commercially available chsrg- 
ing compressors. Several pressure vessel materials and construction 
methods were considered and a composite vessel made up of a metal 
liner and a glass filament overwrap was selected as the best vessel 
based on cost, durability and safety. Figure 1 illustrates this 
type of construction, Materials m d  fabrication techniques result 
in a vessel weight of approximately one half of comparable all metal 
vessels. 

To satisa the design goal of 30 minute duration, an air storage 
capacity of 60 standard cubic feet (SCF) was selected, It nust be 
recognized that exact duration is dependent on work rate and indi- 
vidual physiological factors. When the potential weight savings 
that could be realized by using filament wound pressure vessels 
became apparent, fire department representatives indicated a smaller 
capacity vessel would be desirable. The smaller vessel would be 
approximately the size of the vessels ured on current short ciuration 
'sling paks', but would offer longer breathing duration and reduced 
weight. It was decided to develop two different sizes of pressure 
vessels, 60 and 40 SCF, either of which would be interchangeable 
with the FBS. 

In addition to the goals of reduced weight and envelope and 
increased operating duration, another major objective was to design 
nn FBS that is improved in human factors over current systems. The 
system should be more comfortable, easier to don and doff, provide 
less encumbrance to the working fireman, provide an effective de- 
pletion warning system, and reduce breathing resistance by providing 
a regulator with increased flow capacity. A comparison between the 



exist ing system und NASA 113s w i l l  show thc NASA approact1 for obtaiu- 
ing these objectives. h'igure 2 i l lustrate::  a typica l  c u r r c ~ ~ t l y  
ttvuilable breath* sy:: t,onl. Ttle c x i s t i w  hmnecc itcsign tios m~):;t of 
the  weight being curried by the  ctioulders, Often the  harness is 
d i f f i c u l t  t o  don due t o  multiple :;traps and sl1ju;;tmcnt::. The ex i s t -  
ing systems have a harness mounted regulaLor 1ocut;cd in front  or on 
ttle s ide and a bulky breathing hose from the  regula ts r  t o  the  mask. 
These items complicate donning problems and generally a re  an encum- 
brance t o  the  f i r e f igh te r .  Hejmet interference i s  f'requently a 
problem with the  exist ing mask and head straps. 

Figure 3 i l l u s t r a t e s  the  NASA developed FBS. The support 
harness d is t r ibutes  the  load on the  tiips by making use of a wide 
waist b e l t  and frame tha t  conforms t o  the  lower back. Studies 
indicate t h a t  hip-carried loads a re  more comfortable and l e s s  
potent ia l ly  injurious t o  the  back than shoulder carr ied loads, The 
F%S support harness concept provides adequate :itability w i t h  only 
a s ingle  shoulder s t rap  i n  addition t o  the  load carrying waist bel t .  
Therefore, the FBS i s  considerably eas ier  and quicker t o  don. The 
FBS has a two stage regulator.  The f i r s t  o r  pressure reducing stage 
i s  mounted on the back frame while the  second o r  demand stage, which 
i s  very l igh t ,  i s  mounted on the face mask. There i s  nothing mounted 
on the  chest o r  s ide t o  in te r fe re  with the  movement of the f i ref ighter .  
As a fhrther  improvement, the  mask mounted demand regulator i s  eas i ly  
detached from the face mask by a c t u a t i q  u re lease  lever. With the  
regulatar detached, tile user can breathe t!irough a hole i n  the face 
mask. The detached demand regulator i s  stowed in  a pouch on the 
bel t .  

The face mask i s  a signif'icant improvenient, see Figure 4. The 
bubble type facepiece i s  held i n  place by a nylon net  and single 
adjustable s t rap ,  The net  cancept of fers  a cluick don capabil i ty and 
reduces t h 5  problem of helmet/mcisk interference. The t o t a l  s i ze  
of the  mask i s  reduced and interference problems w i t h  the  helmet 
i n  tile forehead area are  eliminated. The smaller s i ze  and fewer 
straps of the  advanced FBS face ma~k  allow t h i s  mask t o  be consider- 
ably l igh te r  than current r ' xe  ~i~asks.  The .na.:lr contains an o r a l  
nasal  deflector  that  aid;: i n  reducing vicar llo'o(;ging during eshalation. 
To c lea r  away s l i g h t  visor  fog&ing tha t  may occur the demand regulator 
incorporates a spray bar f'or channeling the  i n l e t  flow over thc visor  
during iniialation. Inward leakage has been reduced by t h i s  mask. 

The most; s ignif icant  improvement; in the FEG i s  the  incrcu.:e i n  
operating duration and reliuction i n  system wcicht. Figure 5 provides 
u comparison of we& t i t ,  nominal duration, and cylinder dimen:; ions 
of the system, I f  the  60 SCF capacity prezsure vessel  i s  used the 
cystem wekht i s  26 pound:;. This compares t o  33 pound.; for  the 
current 45 SCF system, If the  hO SCF capacity pres:;ure vessel  i:; 
used, system weight i s  20 pound:. This compare:; favorably t o  the 
present ' s l ing  pak' systk?n wiiich has 25 SCF gas capacity and weighs 
24 pounds. In t e s t s  of the NASA E'BS, the  t e s t  subjects indicate 



a lower air consumption rate than from the existing systems and 
this will allow a longer duration from a given quantity of stored 
gas. This lower relative consumption rate is attributed to reduced 
v~elght and breathing resistance and improved comfort, The dura- 
tions presented on Mgure 5 should be considered for comparative 
purposes only because the tests were conducted on trained test 
subdects at only moderate work rates in a nonstress environment. 
In actual firefighting conditions consumption rates in the range of 
2 SCF per minute may be experienced resulting in shorter actual 
durations. Additional desun improvements are also summarized 3n 
Mgure 5. 

In addition to the system development, another major aspect 
of the program was the coordination between regulatory agencies, 
maaufacturcrs, a d  e v d . ~ ~ ~ t i r y  fire departments. Coordination was 
vital to develop a unified market demand from the fire services, 
which provides the proper incentives for commercial manufacturers 
to enter the field. A particular problem is the compo~ite p2essure 
vessel, which is a key component of l.he system. The design of the 
pressure vessel dictates that for fabrication complex and costly 
manufac:~rrin(: equipment be used. Currently it is estimated that a 
production rate for the pressure vessels of at least 10,OO units 
per year is required to achieve a satizfactory sales price. 
Initially, fire department requirements for the FBS w i l l  not satisfy 
the required vessel production rate. Fortunately, similar breathing 
systems are needed by industrial concerns handling hazardous 
materials and by underwater users. Recreational and commercial 
scuba users have expressed a desire for reduced weight pressure 
vessels to minimize the above water handling weight problems and for 
higher vessel pressure for increases of gas volume. Current objec- 
tive is to combine the underwater and portable breathing markets 
which will result in a common pressure vessel, high-production 
rates, and ultimate lower cost for the user, 

FIELD EVALUATION 

The final stage of the NASA FBS Program will be an evaluation 
of the system performance and feasibility in actual firefighting 
conditions. Prior to field use of the FBS, it will have satisfac- 
torily completed a qualification test program and man testing in 
nonhazardous environments. A field evaluation plan has been pre- 
pared that defines the responsibilities and requirements of NASA and 
the evaluating cities. The IWA v d l l .  provlde enough FBS with extra 
pressure vessels to the cities to equip one firefighting company. 
Houston, Los Angeles and New York Mre Departments are to serve as 
evaluation sites. The field evaluation programs will be conducted 
concurrently at each site and continue for a period of six ~rdnths, 
During this period, continuous technical support in terms of per- 
formance verification, maintenance of the FBS and support equipment, 
spare psrts, and design analysis is planned. In add?.tion, technical 
field personnel will provi:de a detail briefing for 'ire department 
officers and cooperate in instructing each fireman assigneii to the 
evaluating fire company In the FBS operation and use. Personnel 
from NASA w i l l  conduct periodic FBS performance verifications and 



review x'ield evaluation data with the evaluating f i r e  company, Ttic 
f i r e  company wiU. keep data sheets r e g n r t i i ~  tllc frequenc!y of u::e of 
the b'BS, duration experience, type of L'irc :,cr.vicl!, and ur~u::uul 
problems. This w i l l  aid the f i r e  ol'f'icor ru::pon::iblc t'or tllc L'iel~t 
evaluution i n  c o q a r i q  ttrc cl'l0ccLivcne;:s or' t l~e  NASA C'US w i t i l l  tlrc 
currently used breathing sy::tem und i n  formulizing ;:uggeute~i molli- 
fications or revisions t o  t iie :;y:: tern. Followiq the  f i e l d  evaluation, 
a l l  F'BS will be returned t o  NASA and R f'ina.1 report of the program 
prepared. 

The FBS Program indicated that  applications of advanced tech- 
nology can resul t  in an improved FBS tha t  wiU s&:i;?'y the require- 
ments defined by municipal f i r e  department s. To .' ~ w l i s h  t h i s  
technology transfer, a substantial  commitment o: urces over an 
extended period of time has been required. This ram has .UI- 

dicated tha t  the ab i l i t y  of NASA i n  terms of pro& ,~agement  
such as requirement definition, system analysis, rmd L?dustry 
coordination may play as important s role as specif ic soxrces of 
hardllrare technology. A s  9. resu l t  of the FBS program, n ;.:equence 
of milestones was passed that  may have appl ica~ions  8 s  ~(eiierolised 
milestones and objectives for  any tecilnical appl:l~ai.ion pleogram. 
These milestones are: (1) identify the specif ic aceas of potent ia l  
technology transfer;  (2) conduct a preliminary technLcal analysis t o  
determine ~ ~ h e t h e r  the desired improvements are  technically feasible ; 
(3)  coordinate with committees, manufacturers, Government agencie; , 
and other interested part ies;  (4)  define obstacles t o  technology 
transfer; (5) define a detaileii arid formalized program plan w i t h  
specif ic atter;tion t o  the final end product and objective of the 
program; and, (6) conduct the program. Throughout the program the 
potential  for commercializatior~ and widel-preoj. user accejtsnse, in  
addition t o  t;echnicdl improvements, was a pr~dominant f a c ~ o r .  
Industry and user response indicates that  thece objectives w i l l  be 
sa t is f ied .  
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AEROSPACE MATERIALS FOR NONAEROSPACE APPLICATIONS 

Robert L. Johnston and Frederick S, Oawn 

INTRODUCTION 

The aerospace mater ia ls  discussed here in are high-temperature 
and flame-resistant mater ials which were used o r  proposed f o r  use 
i n  the design o f  systems and equipment used i n  manned spacecraft. 
Many unique requirements were placed on mater ia ls  t o  be used i n  
space f l i g h t  and lunar  space environments. I n  the habi table por- 
t ions  of spacecraft, mater ials were used i n  pure oxygen o r  oxygen 
enriched envi ronments . Because o f  the cramped quarters, the 1 i m i  ted  
hygienic f a c i l i t i e s  and the closed loop r e c i r c u l a t i n g  oxygen supply, 
speci a1 physio logical  problems a lso need t o  be considered. Outside 
the spacecraft, mater ials were exposed t o  a hard vacuum, the  deep 
space thermal environment, electromagneti c rad ia t i on  and p a r t i c u l a t e  
f lux bombardment. Mater ia ls  used f o r  these purposes no t  on ly  were 
required t o  be nonburning dur ing exposure t o  a spacecraft oxygen 
enriched environment but a l so  were requi red t o  withstand an e x t e r i o r  
pressure of 10-14 t o r r ,  temperature extremes o f  +250°F, bombardment 
by micrometeoroids and impingement by the t o t a l  Flectromagnetic 
spectrum and the so la r  wind p a r t i c u l a t e  f l u x .  Mater ia ls  were 
required t o  r e t a i n  a l l  funct ional  propert ies, such as f l e x i b i  1 i t y  
t e n s i l e  strength, abrasion resistance and c o e f f i c i e n t  o f  f r i c t i o n ,  
as required f o r  each end i tem appl icat ion.  

The f lame-resistant requirement was p a r t i  c u l a r l y  1 imi t i n g  because 
most nonmetal l ic mater ia ls  t ha t  are r e l a t i v e l y  nonburning i n  a i r  burn 
v i o l e n t l y  i n  pure oxygen. 

A number o f  nonmetal l ic mater ia ls  were selected t h a t  were used 
s a t i s f a c t o r i l y  i n  aerospace appl icat ions . I n  addi t ion,  i n  the search 
f o r  usable mater ia ls  a large number o f  mater ia ls  were tes ted  which, 
although they had s p e c i f i c  inadequacies which ru led  ou t  t h e i r  use i n  
enriched oxygen environments , cons ti tu ted  a marked improvement i n  
flame-resistance o r  some other  property t o  those cur ren t ly  i n  use 
i n  industry  and commerce. 

The aerospace program added impetus t o  the development o f  many 
other  nonmetal 1 i c  mater ia ls .  Typical aerospace mater ia ls  and new 
materials w i  t h  po ten t i a l  f u tu re  aerospace app l i  c a t i  ons are presented 
i n  the fo l low ing sections. 

TEXTILES 

As ind ica ted  i n  f i g u r e  1, t e x t i l e s  were used extensively i n  the 
manned space program. A t  the beginning o f  the space program a large 
number o f  common types of t e x t i l e  f i b e r s  were ava i l  able i nc lud ing  
such natura l  f ibers such as cotton, wool, s i l k ,  ju te,  f lax, ramie 
hemp, abaca, s i sa l ,  and asbestos and synthet ic  f i b e r s  such as rayon, 
nylon, dacron, or lon, vinyon, metal, glass, etc.  However, as one 
would now expect the flamnabi 1 i t y  c r i t e r i a  imposed by the enriched 
oxygen environment selected f o r  the manned spacecraft e l  iminated a1 1 
o f  the natura l  and most o f  the syn thet ic  f i b e r s  f o r  exposed space- 
c r a f t  appl icat ions . Cotton was used, however, i n  the undergarments 
where i t  was shielded by the space s u i t .  Propert ies o f  t e x t i l e  
f i be rs  are shown i n  f i g u r e  2 and discussed i n  the fo l low ing sections. 
It should be noted t h a t  basic  mater ia l  cost  was not  a major mater ia l  



Figure 1 

Typical Applications of .  Texti les 

Polybentimidozole (PBI ) 
Fiber 

Teflon Fiber 

Appl icat ions 

Harnesses, Tethers, Straps, Be1 ts, 
Restraints, Sleep Restraints, Con- 
tainers, Thread 

Apol l o  F l i gh t  Coveralls, Abrasion- 
Resistant Patches f o r  Space Sui t  

Asbestos Fiber (Asbes ton) Flame Barr ier  and Thermal Insula- 
ti on 

Nomex Camfort Liner f o r  Apollo Space Sui t  
Thread, Outerlayer o f  Gemini Space 
Sui t  

Durette Skylab F l igh t  Coveralls 

Beta 

Nylon 

Outerlayer o f  Space Suit, Spacer i n  
Thermal Insulat ion o f  Space Suit, 
Spacecraft Window Shades, Medical 
K i t ,  Rucksacks, Towel Bags, Tissue 
Dispenser, Helmet Stowage Bags, 
Sutt  Accessory K i t ,  L i fe  Vest Assem- 
b l y  K i t ,  Backpack Covers, Oxygen 
Hose Cover, Spacecraft Insulation, 
Accessories on Crew Provision and 
Survival Equipment Items, NASA Em- 
blems, Mission Emblem, Flags, Name 
Plates, Ground Tape f o r  Astro Vel- 
cro, Astronaut Couch (Teflon 
Coated), F i r e  Protective Barriers 

Space s u i t  pressure res t ra in t  
1 ayer 
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select ion d r i v e r  since i n  the comparatively small production o f  any 
p a r t i c u l a r  type o f  i tem, the material  costs were invar iab ly  a small 
f r a c t i o n  o f  the engineering design, test,  and v e r i  f i c a t i  on costs. 

1, Typi cal Fibers f o r  Aerospace Appl i c a  tions. 

Nomex Fiber. Nomex, an aromatic polyamide became ava i lab le  i n  
1964 and was used f o r  most t e x t i l e  appl icat ions i n  the Gemini 
Program. Nomex exhi b i  t s  excel l e n t  physical propert ies, has a high 
service temperature (500°F) and i s  nonburning i n  a i r .  Although i t  
does burn i n  oxygen, the burn r a t e  was the slowest o f  a l l  avai lable 
organic f ibers.  Addit ional l y  , Nomex does not  d r i p  molten pa r t i c les  
wh i le  burning as does the polyamide (nylon). Nomex f i r e  s u i t s  are 
being worn by firemen i n  New York and other  c i t i e s ,  The carpet, 
upholstery, and drapery fabr ics  made o f  Nomex f i be rs  are now used 
i n  a i  r c r a f t s  by major a i  rl ines . 

Beta Fiber. I n  
ment o f  nonflamnable 
known as Beta- fiber. 

1964, a program was i n i t i a t e d  f o r  the develop- 
fabr ics  from a 3.75 micron diameter glass f i b e r  
Because o f  the extremely f i n e  diameter, Beta 

f i b e r  does not  cause i t c h i n g  o r  sk in  i r r i t a t i o n  as do la rge r  diameter 
glass f ibers .  Hawever, glass Fit -1. does e x h i b i t  low abrasion res is -  
tance. Two types o f  fabr ics  b ' ~ v e l  oped t h a t  meet the requi rements 
o f  the Apol l o  Program. One .:plished by coat ing the i nd i v idua l  
yarns w i th  t e f l o n  before the JS woven, and the other was 
produced by applying t e f l o n  c onto the fabr ic .  Beta decorative 
fabr ics  are spzc i f ied  i n  numerub- comnercial and i n s t i t u t i o n a l  bui l d -  
ings because of t h e i r  inherent f i r e -sa fe  q u a l i t i e s  as wel l  as t h e i r  
as t h e t i  c appeal, 

The average home owner also benef i ts  from the f i  re-safe qua1 i t i e s  
of noncombustible Beta fabr ics i n  draperies, bedspreads, and tab le  
cloths. F i res have reportedly burned houses p r a c t i c a l l y  t o  the 
ground without consuming the f i  berg1 ass draperies. 

Typical appl icat ions i n  the space program are l i s t e d  i n  f i gu re  
1. The outer layer  o f  the lunar space s u i t  i s  made o f  Beta f a b r i c  
and i s  shown i n  f i gu re  3. 

Polybenzimidazole (PBI) Fiber. Another f i  ber which has been 
used extensively i s  polybenzimidazole (PBI), a h i  gh-temperature, 
f lame-resistant organic f i b e r .  A1 though PBI withstands temperatures 
i n  excess o f  900°F and i s  nonburning i n  a i r ,  i t  burns slowly i n  pure 
oxygen i n  a l l  forms except the most densely woven webbing. The use 
of PBI i n  the space program was p r imar i l y  i n  cords, tapes, and web- 
bing appl icat ions and where the dynamic abrasive loadings were too 
severe f o r  Beta f i be r ,  E f f o r t s  t o  t r e a t  PBI w i th  a propr ie tary  
treatment t o  render the f i be rs  nonburning i n  pure, oxygen atmosphere 
were successful. F i re-protect ive su i t s  made o f  PI31 fabr ics  are worn 
by A i r  Force p i l o t s .  The high cost o f  t h i s  f i b e r  has prevented i t s  
use i n  many comnerci a1 appl i cations. Typical PBI f i b e r  appl i c a t i  ons 
are l i s t e d  i n  f i gu ro  1 and PBI Skylab sleep r e s t r a i n t  systems are 
shown i n  f i gu re  4. 

Teflon Fiber. A f a b r i c  made e n t i r e l y  f r o m  Tetraf luoroethylene 







(tef lon) f iber was also used. Teflon, because o f  i t s  high halogen 
content, i s  t o t a l l y  nonburning i n  a i r .  Though i t  does bum slowly 
i n  oxygen, i t  was used as abrasion patches on the space su i t ,  and 
the intravehicular f l i g h t  coveralls were made o f  te f lon  fabr ic.  The 
excellent chemical resistance, good wearabi l i t  and low f r i c t i o n  co- 
e f f ic ient  o f  t e f l on  recomnends i t  f o r  many arp ! ications. For example, 
tef lon fabrics are being used as hospital pat ient  gowns, f o r  t rea t -  
ment i n  oxygen-rich hyperbaric chambers, missi l e  fuel  handler suits, 
chemical f i l t r a t i o n ,  and bearing systems. The p i l e  tape o f  the Astro 
Velcro fasteners which i s  used extensively i n  the space program i s  
made o f  t h i s  f i be r .  An Apollo intravehicular  f l i g h t  coveral l  i s  
shown i n  f igure 5. 

Modffied Aromatic Yolyamide Fiber - Durette. Because o f  the 
f l a m b i  1 i t y  o f  Nomex i n  oxygen-ri ch atmospheres, Durette fabr ics 
gained applications f o r  the Skylab Program. Durette i s  the material 
A i c h  resul ts from the treatmeht o f  NO%X fab r i c  wi th phosphorous and 
halogen compounds a t  elevated temperatures. This material. i s  se l f -  
extinguishing i n  the Skylab 70% oxygen envi ronment. Durette compro- 
mises the physical properties o f  the base Nomex t o  obtain the 
improved flame-resis tance and high-temperature performance. The 
Durette process resul ts i n  gold-to-brown-to-black fabrics, wi th 
d i f fe ren t  exposures. The Durette fabrics do not melt i n  f i r e  and 
thus dimensionally are stab1 e. The f l am-resi s tance cannot be 
removed by repeated laundering o r  dry cleaning because the t rea t -  
ment has formed a chemical bond t o  the f ibers.  The Skylab s h i r t -  
sleeve garments and some o f  the crew equipment items are made o f  
Durette. It i s  gaining acceptance i n  protect ive c loth ing f o r  both 
the m i l i t a r y  and c o m r c i a l  usage. Several leading race car drivers 
wore Durette coveral ls as protect ion against thk poss ib i l i t y  o f  f i r e .  
The fabrics used f o r  the s t ruc tura l  f i r e  su i t s  developed by NASA-JSC 
were made o f  Durette. The firemen reported tha t  the su i ts  wore well  
and comfortable. An en t i re  Monsanto executive a i r c r a f t  has been out- 
f i t t e d  wi th  Durette fabrics f o r  p i l o t  and passenger seats, draperies, 
curtains, and baggage compartment l i ne rs .  Figure 6 shows the Skylab 
intravehi cular f l  i g h t  coverall made from Durette. 

Flame-Resistant Spandex Fiber. Regular spandex f i be r  i s  made o f  
urethane and exhibi ts e x c e ~ a s t o m e r i c  ~ r o ~ e r t i e s  but bums i n  
a i r .  A flame-resistant spandex f i b e r  has been developed under NASA- 
JSC contract which was self-; ,tii:guishing i n  an oxygen-enriched 
environment ~ n d  which attained 450% elongation and 2000 ps i  tens i le  
strength. This f i b e r  i s  made f r o m  the copolymer o f  hexafluoropropy- 
lene and polyvinyl idene f luoride. A f lame-resi s tant  urethane spandex 
f iber was also developed which has physical properties s im i la r  t o  
comnercial spandex but wi th an increase i n  l i m i t i n g  oxygen index 
from 19 t o  25 and which i s  self-ext inguishing i n  a i r ,  The unique 
properties o f  spandex f i be r  o f f e r  certa in spec i f i c  advantages i n  the 
manufacture of foundation garments, swlm ana sports wear, surgical 
hose, and other e l as t i c  products. Three companies have expressed 
interests i n  using t h i s  new spandex f i be r  f o r  manufacturing these 
products. 

The fl ame-resi s tant  spandex f i b e r  has been successfully used i n  
the Skylab Medical Experiment A l t i tude Test and Skylab Program. 







Figure 7 shows the typical  appl icat ion of t h i s  f i b e r  i n  the sleep 
monitoring system o f  the Sky lab Program. 

2. New Fibers wi th  Potential  Aerospace Applications 

Chlorotr i  f luoroethylene/Tetrafl uoreth lene Fiber (CTFEITFE) and 
C h l o m t r i f l  uomethylene/Ethylene Fiber ( c ~ / E ~ .  These are flame- 
resistant  f ibers  recentlv develo~ed under NASA-JSC contract and are 
available only i n  experimental quantit ies. The CTFEITFE copolymer 
has been spun i n t o  monofilament f ibers, i s  self-ext inguishing i n  
oxygen-enri ched environments , and produces pract ica l  l y  no smoke. The 
CTFEIE copolymer f i b e r  i s  avai lable i n  mul t i f i lament f i b e r  and l i g h t -  
fas t  colors. The mechanical properties o f  CTFEIE f ibers are superior 
t o  cmnerc ia l ly  avai lable t e f l on  f ibers  and approach those ,f Nylon-6. 
The tenacity o f  t h i s  f i b e r  i s  3.5 grams per denier and e lc  rgation o f  
8 t o  25%. This f i b e r  has excellent f lamnabi l i ty  resistance and chem- 
i c a l  inertness. I n  fab r i c  form i t  w i  11 not  i g n i t e  o r  propagate flame 
i n  atmospheres which contain as much as 51% oxygen. CTFEIE fabr i c  
w i  11 not me1 t o r  d r ip  when exposed t o  d i r ec t  flame. It i s  i n e r t  t o  
hot acids, bases, and t o  strong oxid iz ing agents, and no known sol-  
vent dissolves t h i s  f i b e r  a t  temperatures below 260°F. 

Kynol Fiber. kynol i s  a phenolic f i be r  A i c h ,  upon expcsure t o  
flame, carbonizes imnediately without the propagation o f  a fl ame 
f ron t  and i s  self-extinguishing on removal o f  the i g n i t i o n  source. 
The capacity t o  char wi th  minimal shrinkage (15%) indicates that  
Kynol f i b e r  w i l l  contr ibute t o  ablat ion while s t i  11 providing sub- 
s tan t i  a1 reinforcement. The insu la t ing properties f a r  exceea those 
of s i l i c a  o r  carbon f i b e r  composites. It i s  used i n  f e l t s  and 
battings as a f i r e  barr ier .  The excel lent resistance o f  Kynol t o  
a l l  organic solvents and most acids renders i t s  use i n  f i  1 t e r  
applicaticns ranging f r o m  hot engine o i l  t o  processes i n  which 300°F 
phospheric acid i s  used. Suits were made from t h i s  f iber ,  and were 
worn by firemen and drivers i n  the Indianapolis 500 race. The 
re l a t i ve l y  low density o f  W o l  f i be r  also represents an important 
weight savings advantage. 

Kevlar Fiber. Kevlar f iber has recently become comerci a1 l y  
avairable. This modified aromatic polyamide f i b e r  has twice the 
modulus o f  glass f i b e r  and breaking strength three times that of 
nylon. This f i b e r  holds considerable promise f o r  re inforc ing high 
performance 1 aminates , where h i  gh-temperature and h i  gh-s trength t o  
weight ra t ios  are inportant. Kevlar i s  flame-resistant i n  a i r  and 
also has potent ia l  f o r  nonreinforcing, s t a t i c  applications such as 
high-strength cables and specialty fab r i c  where dynamic abrasion i s  
not required. The stress fat igue and v ibrat ion damping properties 
are superior t o  those o f  glass f iber .  I t s  high strength and low 
density over f iberglass (1.4 versus 2.5) resul ts i n  s ign i f i can t  
weight and volume savings. 

I m  roved Aromatic Pol amide Fiber - HT-4. Ht-4, an improved ++ - 
aromatic po yam1 e, promises t o  give improved f lamnabi l i ty  protec- 
t ion. As a comparison, Nomex flame break-open time i s  1.2 second, 
where the equivalent time f o r  HT-4 i s  60 seconds. Fabrics from 
HT-4 f i b e r  o f f e r  a major advance i n  protect ion over N m x  i n  f i  re  





exposures j u s t  as N& I; was a major advance over nylon and cotton. 
The protect ion chara. c :* ist ics o f  HT-4 have been obtained wi th no 
sacr i f ice  such as corn :-t , abrasion resistance , colorat ion and 1 i ght 
fastness. This f i b e r  w i l l  become avai lable comnercially i n  1975. 

Bi s benzimi dazobenzophenanthrol i ne - BBB F i  ber. I n  recent years 
a considerable amount o f  research e f f o r t  has been expended on the 
development of polymeric f ibers w i th  s ign i f i can t l y  bet ter  high- 
temperature performance than connrerci a1 l y  avai lable materials . 
Polybisbenzimidazobenzophenanthroline polymer has been successfully 
fanned i n t o  f ibers. The f i b e r  exhibi ts superior thermal s t a b i l i t y  
and excel l en t  resistance t o  u l t r av i o l e t  radiat ion. No s ign i f i can t  
change i n  tenacity, elongation o r  modulus i s  evident a f t e r  400 hours 
simulated so lar  exposure by Xenon arc. It retains 50% o f  o r ig ina l  
strength a f t e r  long term (30 hours) high-temperature exposure i n  a i r  
(680°F) and 55% a t  l l lO°F i n  a i r  a f t e r  one minute exposure. I t s  zero 
strength i s  1400°F. This f i b e r  should f i c d  many applications as high- 
temperature insulat ion, parachutes , composites , and f i  re-protect i  ve 
clothing; however, i t  w i l l  not  be avai lable un t i  1 publ ic  in te res t  
warrants i t s  usage i n  production quanti t ies.  

Pol imide Fiber. The demand on high-performance f ibers  have 
i n  tens -dk i r -  ue t o  many aerospace applications and increased publ ic  . . 
awareness towards s a f a y  standards. Therefore, a new f i b e r  develop- 
ment program has been i n i t i a t e d  by NASA-JSC u t i l i z i n g  polyimide 
polymer which i s  known f o r  i t s  law-smoke generation, high-terrqerature, 
and flame-resistance performance. Preliminary experimental work on 
processing o f  the polyimide polymer indicated tha t  breaking tenaci ty 
o f  over 4 grams have bee11 achieved and can be improved s ign i f i can t l y  
wi th fur ther  process development. Temperature resistance up t o  1060°F 
has been observed. Fibers s t i l l  re ta in  50% o f  t h e i r  o r ig ina l  strength 
a f t e r  100 hours a t  57S°F. Flamnability t e s t  resu l ts  show that  f i be rs  
are inherently self-extinguishing i n  a i r  and w i l l  not propagate flame 
under 40% o f  oxygen atmosphere. This f i b e r  has potent ia l  applications 
as a l ightweight thermal insulat ion as well  as f i r e  safe clothing. 

New Treatment. Previous work w i  th aromatic polyami d9s ve r i f y  
that  improvement o f  flame-resistance i s  feasible through chemical 
modification such as phosphorylation. Such treatments, however, 
have resulted i n  f ibrous products which are brcwn o r  black and which 
exh ib i t  severely degraded physi cal properties. A flame-resis tant, 
fabr ic  treatment development program has been i n i t i a t e d  by NASA-JSC. 
i'his new proprietary chemical treatment i s  being developed and has 
exhibited no a l te ra t ion  o f  color o r  loss i n  physical properties. 
The treatment, on a laboratory basis, e f f ec t i  vely protects aromatic 
polyamides fibers f r o m  i gn i t i on  and flame propagation, while simul- 
taneously improving i t s  t a c t i  l e  comfort. 

PLASTICS 

Plast ics Iwve many applications i n  the space program. Their use, 
however, does not imply nonflamnabi l i t y  i n  the usage environment. 
Flamnable p las t ics  were protected wi th  f i re- res is tant  covers o r  were 
o f  small enough size i n  each location so as not t o  consti tute f i r e  
hazard. The appl icat ion of p las t ics  i n  the space program i s  shown 
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i n  f igure 8 and ranges from transparent, thermoforming materials 
such as space s u i t  helmets and visors, instrument meter faces and 
1 i gh t  panels, t o  t h e m s e t t i n g  molded components and reinforced 
structural  laminates. The p las t ics  avai lable a t  the beginning of 
the Apol 1 o Program included pol yamides , pol yes ters  , polycar5ona tes , 
olef ins, styrenes, vinyls, acry l  ics, epoxies, melamines, phenol ics, 
ureas, and many others. As wi th  most of the nomnetallics avai lable 
for use i n  the Apollo Program, colnnercial needs resulted i n  materials 
that  had almost a1 1 o f  the desired properties except tha t  o f  flame- 
resistance i n  an oxygen atmosphere. Figure 9 shows the properties 
o f  p las t ics  materials. 

E f fo r t s  t o  improve the flame-resistance o f  the p las t ics  by the 
industry are encouraging. For example, an improved polycarbonate 
which exhibi ts excel lent flame-resistance i n  a i r  without sacr i f ic ing 
the outstanding transparency and impact resistance f o r  which poly- 
carbonates are known. Several high-temperature flame-resi stant 
p las t ics  have been recent ly developed, o r  modified ar.d avai lable on 
the market which show excel l en t  potent ia l  f o r  future space program 
applications. 

Typical Plast ics f o r  Aerospace Appl ica t ions 

Polyimides. High-strength res in  systems tha t  can be used t o  
produce flame-resistant foamed and laminated structures are polyimides 
(PI) ,  polyquinoxal ines (PQ), and polybenzimidazoles (PBI). Polyimide/ 
f iberglass composites f o r  Apol 1 o appl ica  t ions were very successful and 
were flame-resistant and low-smoke producers even i n  pure oxygen 
environments. More than 2000 parts representing more than 50 
d i f fe ren t  design configurations were manufactured from t h i s  polyimide 
system f o r  use i n  the Apol l o  Program. A f l i g h t  tape recorder case i s  
made of polyimidelf iberglas composite and i s  shown i n  f igure 10. 
Although PQ and P B I  p las t ics  are performing well, the high cost o f  
these material s has 1 i m i  ted t he i r  appl ica t ions i n  the space program. 

The polyimides, i n  f i l m  form (Kapton) and the halogenated poly- 
ethelenes (Teflon) are outstanding e lec t r i ca l  wire insulations. Both 
have been used i n  the Apollo and Skylab programs. The Kapton insula- 
t i o n  i s  somewhat s t i f f e r  than the Teflon and has a higher service 
temperature, a fac t  that  though desirable makes convent1 onal thermal 
str ipping d i f f i c u l t .  

Rigid and f l ex i b l e  polyimide foams are also available. A series 
o f  1 ightweight r e s i l i e n t  moldable p o l y i m i ~ e  foams having nominal 
densit ies o f  1, 2, 4, and 6 pounds per f t have been developed under 
NASA-JSC contract, which would not burn when used as a packaging 
material i n  the Skylab environment. This foam represents a class o f  
nonburning, 1 ow5smoke produci0g fodms which can operate a t  tempera- 
tures from -320 F t o  over 500 F and which, i n  s t a t i c  applications, 
o f f e r  excel lent thermal acoustic and e lec t r i ca l  protection. 



Figure 8 

Typical Applications o f  Plastics 

Describtiari Applications 

Polyimide 

Tetraf 1 uoroethyl ene 
(Tef 1 on) 

Methyl Methacryl ate 
(P l  exiglass) 

Polycarbonate 

Polypropylene 

Acetal (Delrin) 

Phenol Formaldehyde 

Polyvinylchloride 

Adhesives, Laminates f o r  Panel 
Covers, Food Boxes, Film f o r  Ther- 
mal Blanket, Wire Insulation, Me- 
chanical Shaver Cases, F l  lgh t  Tape 
Recorder Cases 

Wire Insulation, Wire Bundle Wrap, 
Wire Clamps, Liner f o r  Wire Tray 

Adhesives, Sealants, Potting Com- 
pounds, Conformal Coatings, Fiber- 
glass Laminate 

Dial Faces, Electroluminescent 
Panels 

Space Suit  Helmet, Dial Faces, 
Reaction Chamber f o r  Crystal Growth 
Experiment, Mousehouse fo r  Biostock 
Experiment 

Plunger Detents, Pins, Lamp Sockets, 
Tape Over Glass Dial Faces 

Screws and Washers i n  SIM* Experi- 
ments, Rods i n  SIH Experiments and 
Portable Li fe Support System 

C i  rcu i  t Breakers, Connectors , Con- 
nector Inserts 

Wiring Insulation on Bio-Instru- 
mentation 

Pol yam1 de Washer on Electroluminescent 

Me1 amine Formaldehyde Circu i t  Breaker, Electronic Pack- 
aging Housing, Switch Housing 

Chlorotri f luoroethylene Connector Pin Inserts, Urine Bag 

* Scient i f ic  Instrument Module 



Figure 8 continued 

Description 

Pol ye thy1 ene 

Dial l y l  Phthalate 

Polysul fone 

Applications 

Bellows, Gears, Wire Wrap, Identi- 
f icat ion Sleeves 

Electr ical  Connectors, Terminal 
Boards, Potting Conrpaunds, Terminal 
Blocks 

Visor f o r  Extravehicular Act iv i ty  
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Te t ra f l  uoroethyl ene (TFE) . TFE polymer has a combination o f  
mechanical, e l e c t r i c a l ,  chemical, thermal, flame and f r i c t i o n a l  
res i s tan t  proper t ies unmatched by other  p l a s t i c  mater ials.  Comnercial 
exp lo i t a t i on  of these and other unique proper t ies combined i n one 
fitaterial has establ ished TFE polymer as one o f  the outstanding 
engineering mater ia ls  f o r  use i n  many i ndus t r i a l ,  m i l i t a r y  apgl ica- 
t ious. Useful mechanical proper t ies are mai ntained from -450 t o  
500 F, The surface o f  fabr icated par ts  have an extremely low co- 
e f f i c i en t  o f  f r i c t i o n .  Almost no mater ia ls  can be bonded; however, 
special t reated surfaces w i l l  accept conventional i n d u s t r i a l  
adhesives. TFE r e s i n  i s  almost completely i n e r t  t o  chemical at tack 
but under special condit ions, are a f fec ted  by such substances as 
a l k a l i  metals and halogens. When load i s  appl ied over a period o f  
time, creep and cold f low must be considered. Low-loss e l e c t r i c a l  
character1 s t i c s  remain essent ial  l y  constant, regard1 ess o f  frequency, 
over a wide temperature range. Appl i ca t i ons  include e l e c t r i c a l  
insulat ion,  packings, valves, gaskets thread sealant, equipment 
1 iners, braided hoses, pumps, coatings and many others. 

Chlorot r i f luoroethy lene (CTFE). CTFE i s  a thermoplastic res in  
oroduced i n  varvina formulations from combinations o f  f 1 uorine- r - - ~ -  . - 
containing monomers, and d i f f e r s  from other  fluoropolymers i n  t h a t  
i t s  molecular s t ruc ture  contains chlor ine.  CTFE res ins have inherent 
f l e x i b i l i t y ,  rad ia t i on  resistance and c l a r i t y .  They are chemically 
res i s tan t  t o  a1 1 inorganic corros ive 1 iqu ide includhng ox id i z ing  
acids. CTFE remains funct ional  over a -400 t o  400 F temperature 
range. I t s  low vapor transmission makes i t  an outstanding gas and 
l i q u i d  bar r ie r .  I n  e l e c t r i c a l  propert ies, i t  shows high volume and 
surface r e s i s t i v i t y  a t  both high and low temperatures. CTFE have 
been fabr icated as ur ine  bags, connector p i n  i n s e r t  and components 
f o r  use i n  the spacecraft. Because o f  i t s  unique proper t ies CTFE i s  
ideal  for  f l e x i b l e  cable jacketing, cable assemblies, valves, f i t t i n g s ,  
pipe seals, gaskets, O-rings, packaging o f  pharmaceutical and medical 
supplies appl icat ions.  It can a lso be used i n  surgery and f o r  
e l e c t r o l y t i c  diaphragms. 

Pol sul fone. Polysul fone i s  a transparent (1 i g h t  amber), r i g i d  
high - 5 i - T  strengt  t ermforming p las t i gs  which maintaan t h e i r  proper t ies 
over a temperature range fbom -150 F t o  above 300 F. Long term 
thermal aging a t  300 - 400 F has l i t t l e  e f f e c t  on the physical o r  
e l e c t r i c a l  propert ies. Addi t ional ly ,  polysul fone has very low creep 
and co ld  f 1 ow propert ies. Depending on the formulation, polysul fone 
can be molded o r  extruded f o r  a va r ie t y  o f  appl i ca t i ons  i n  the areas 
o f  electronics, automotive, a i r c r a f t  and household appl iances. 
Because o f  i t s  good balance of mechanical , e l e c t r i c a l  , op t i ca l  
propert ies and a b i l i t y  t o  withstand temperature extremes and ease of 
fabr icat ion,  polysulfone was the choice f o r  the gold p lated outer  
p ro tec t ive  v i so r  f o r  astronauts and other appl icat ions i n  the 
spacecraft. 



Pol carbonate. One o f  the  most outs tanding and v e r s a t i l e  groups 
-r-- o f  thermop as t ~ c s  , polycarbonate has gained wide acceptance i n  manned 

spacecraf t  as we1 1 as unmanned sa te l  1 i tes.  Unnotched bars show impact 
res is tance  greater  than 60 f t  pounds. The s t reng th  compares very 
favorably w i t h  those o f  some metals. L i g h t  t ransmission i s  g rea te r  
than 90 percent,  The o p t i c a l  p rope r t i es  compare favorab ly  w i  t h  
a c r y l i c s  and glass.  The i r  unmatched combination o f  h igh  impact 
strength,  o p t i c a l  c l a r i t y ,  dimensional and thermal s t ab i  1 i ty ,  po in t s  
toward an ever inc reas ing  number o f  app l i ca t i ons  i n  the  broad areas 
of appl iance,electronics,  1 i gh t i ng ,  automotive and communications, 
Polycarbonate can be thermofornled i n t o  a number o f  d i ve rse  app l i ca -  
t i o n s  where i t  i s  super io r  t o  o the r  ma te r i a l s  such as a i r c r a f t  duct ing,  
he l i cop te r  canopies, b u l l e t  p roo f  windshie lds and sa fe ty  g lass f o r  
areas sub jec t  t o  vandal a t t a c k  o r  f requent  abuse. 

2 .  New P l a s t i c s  w i t h  Po ten t i a l  Aerospace App l i ca t ions  

Pol imides. A 1 inear  amorphous aromatic po ly imide has r e c e n t l y  
been Y-h markete which, because i t  i s  n o t  cross- l inked,  has a degree of  
the rmop las t i c i t y .  Th is  r e s i n  can be procured t o  a very h i gh  molecular 
weight, w i t h  the  e l i m i n a t i o n  o f  a l l  v o l a t i l e s  and subsequently press 
cured t o  remove a l l  voids.  Composites e x h i b i t  l e v e l s  o f  toughne5s, 
r e s i  1 ience and f a t i g u e  res is tance  n o t  p rev ious ly  obtained i n  pol y im i  de 
system. The r e s i n  i s  c rmpat ib le  w i t h  a v a r i e t y  o f  r e i n f o r c i n g  f i b e r s  
ranging from f i b e r g l a s  t o  quartz,  g raph i te  and boron, and can be 
produced e i t h e r  by vacuum bag, autoc lave molding o r  compression mold- 
ing.  They e x h i b i t  excel  l ent  mechanical and e l e c t r i c a l  ~ r o p e r t i e g  a t  
ambient temperatures as w e l l  as temperatures i n  the  500 F t o  700 F 
range. As an adhesive, t h i s  mate r ia l  provides tough and r e s i l i e n t  
bonds between metal s and/or co~nposi tes  even a t  h i gh  temperatures. 

A h igh -s t reng th  po ly imide syn tac t i c  foam i s  a lso  a v a i l a b l e  f o r  
s t r u c t u r a l  and i n s u l a t i o n  app l i ca t i ons .  It i s  a r i g i d ,  h igh-  
temperature, nonburning, s~nokeless mate r ia l  which looks and may be 
worked l i k e  wood. I t  may be n a i l e d  and w i l l  r e t a i n  o rd i na ry  wood 
screws. I t i s  a v a i l a b l e  i n  dens i t i e s  from 15 t o  32 pounds per cub ic  

* foot ,  and i s  being evalr lated f o r  Space Shu t t l e  i n t e r i o r  panel appl i ca -  
t i ons .  

Polyphenylene Su l f i de .  This polymer has 8 high thermal s tab i  1 i t y  
and can be used a t  temperatures as h iqh  as 600 F f o r  prolonqed 
per iods o f  time. It h i s  outs tanding chemical res is tance  gnd i s  nonburn- 
ing.  I n  a i r ,  degradat ion i s  e s s e n t i a l l y  complete a t  1324 F, bu t  i n  an 
i n e r t  atmospherg approximately 40 percent o f  t he  polymer  eight 
remains a t  1864 F. 

The polymer i s  character ized by h igh  s t i f f n e s s  and good r e t e n t i o n  
of mechanical p r o p c r t i  es a t  e levated temperatures. These p rope r t i es  
and i t s  s t rong  a f f i n i t y  for  a v a r i e t y  o f  f i l l e r s  prov ide exce l l en t  
u t i l i t y  i n  the  molding and coa t ing  i n d u s t r i e s .  



P o l y ~ r a b a n i c  Acid Polymer (PPA). A new thennoforming polymer 
based on polyparabanic polymer has recent ly  been develo~ed.  This 
mater ial  has-a 1 inear  ainorphous aromatic s i ruc tu re  and has a high 
heat d l  s t o r t i o n  temperature as we1 1 as outstanding dimensional 
s t a b i l i t y .  Films o f  PPA ranain $ lex ib le  i n  l i q u i d  n i t rogen and are 
reputed t o  have strengths a t  500 F which are comparable t o  tha t  o f  
te t raf luoroethy lene a t  room temperature. It can be me1 t processed 
from powders by conventional compression molr ing . The material  
should f ind  app l ica t ion  as a f i lm ,  moldings, coatings, composites, 
wi re i nsu la t i on  and adhesives. 

Te t ra f l  uoroethylene-Perf1 uoro-A1 koxy Copolymer. This polymer 
i s  deslaned f o r  extended serv ice i n  environments which demand hiah 
l eve l s  if chemical, thermal, and mechanical performance, It has- 
superior thermal s t a b i l i t y  which showed no boss i n  t ens i l e  strength, 
y i e l d  o r  elongat ion a f t e r  5000 hours a t  545 F. The combination o f  
toughness, exceptional d i e l e c t r i c  propert ies, non-aging character- 
i s t i c s ,  weather resistance, exce l len t  f l e x  l i f e ,  low c o e f f i c i e n t  
of f r i c t i o n ,  nonburning, and chemical inertness make i t  useful as 
a l i n e r  for chemical process equipment, i n  spec ia l ty  tubing and 
i n  molded a r t i c l e s  f o r  a v a r i e t y  of end use appl icat ions.  This 
mater ial  i s  now f ind ing  appl icat ions i n  such e l e c t r i c a l  areas as high- 
performance signal , cont ro l  , comnunication and power w i r i ng  i n  mass 
transportat ion; i n  o i l  we l l  logging cables; i n  c r i t i c a l  w i r i ng  for 
u t i l i t i e s ;  molded c o i l  forms; sockets; connectors; switch components; 
and insulators.  It i s  a l so  being widely evaluated i n  appl icat ions 
requ i r i ng  excel 1 ent  chemical compati b i  1 i t y  together w i t h  resistance 
t o  damage caused by thermal cycl ing, vacuum exposure, o r  mechanical 
f lex ing .  

Pol a r  l su l fone.  To meet the need f o r  p l a s t i c  mater ia ls  w i t h  
high t * erma capa i t i e s ,  the polyarylsul fones appear t o  be 
po tent ia l  candidates f o r  t h i s  type o f  appl icat ion.  The polyarylsul fones 
are 1 inear polymers and offer the unique combinationoof thermoplast ic i ty  
and re ten t ion  o f  s t r u c t u r a l l y  used proper t ies a t  500 F. They have 
many outstanding features among which are high t e n s i l e  strength, h igh 
modulus, and exce l len t  thermal ox ida t ive  s t a b i l i t y .  No s ignaf icant  
degradation was observed a f t e r  several thousand hours a t  500 F i n  a i r .  
The polyary l  su l  fones are r e s i s t a n t  t o  hydro lys is  even i n  contact w i t h  
strong acids and bases. They r e s i s t  chemical a t tack  and stress 
cracking by a wide v a r i e t y  o f  chemicals. The f i r s t  compound i s  now 
being manufactured as a res in  f o r  molding compounds, f i l m  forming, 
and coatings. The advantages o f fe red  by t h i s  polymer i n  high- 
temperature performance, solvent resistance, strength, e l e c t r i c a l  
i nsu la t i ng  propert ies, weight savings, and ease of fabr ica t ion  make 
the material  wel l  su i ted  f o r  previously r e s t r i c t e d  t o  metals and 
ceramics and i n  areas where conventional thermoplastics o r  thermosets 
have proved inadequate . 



Aromatic Copolyester. This i s  a new high-performance aromat ic 
copolyester polymer. The advzntages c i t e d  f o r  t h i s  polymer a re  
f l ame~res is tan t ;  long-term tilerma1 s tab i  1 i ty ,  and s t reng th  r e t e n t i o n  
a t  temperatures i n  excess o f  550 F; low-moisture absorpt ion,  good 
f r i c t i o n  and wear p roper t ies ,  and super ior  d i e l e c t r i c  performance. 
I t  can be i n j e c t i o n  molded a t  r a p i d  cyc les (15 second: o r  l e s s )  on 
convent ional  unmodif ied equipment. I t  i s  being f i e l d  tes ted  f o r  a 
v a r i e t y  o f  small p a r t s  r e q u i r i n g  h igh  s t reng th  a t  e levated use 
temperatures such as e l e c t r i c a l  / e l ec t r on i c  components, bear ings f o r  
f r a c t i o n a l  horsepower motors, and r a d i a t i o n  r e s i s t a n t  valve par ts .  

Chlor inated Aromatic Pol yether  . This  experimental polymer 
e x h i b i t s  high-temperature engineer ing p rope r t i es  beyond the capa- 
b i l  i t i e s  o f  convent ional  e x i s t i n g  thermoplast ics.  This polymer 
which i s  amorphous and t ransparent  w i t h  a l i g h t  tan co lo r .  It has 
unusual res is tance  t o  ho t  water and low pressure steam. It i s  an 
excel l e n t  e l e c t r i c a l  i n s u l a t o r  and has a low d i e l e c t r i c  constant  
and l oss  f a c t o r  whicn remains a t  low l e v e l s  t o  h igh  temperatures 
and h i gh  frequencies.  Be~ause  i t  conta ins ch lo r ine ,  the polymer 
i s  se l f - ex t i ngu i sh i ng  i n  environments con ta i c i ng  up t o  70 percent 
oxygen. Moreover, t he  polymer gives o f f  very l i t t l e  smoke, having 
one o f  t he  lowest smoke generat ion l e v e l s  o f  any of the  thermo- 
p l a s t i c s .  I t s  p o t e n t i a l  app l i ca t i ons  inc lude  i n d u s t r i a l  process 
ho t  water p i p i n g  and f i t t i n g s ,  i n s u l a t i o n  f o r  l a r g e  ho t  appliances, 
panels f o r  a i r c r a f t  i n t e r i o r s ,  windshields f o r  high-performance 
a i r c r a f t ,  e l e c t r i c a l  condui ts,  equipment f o r  low-pressure steam, 
and cool  i n g  systems f o r  i n t e r n a l  combustion engines. 

Pol imide-Amide. Polyimide-amide polymer i s  a new ex t ra  h igh-  
performance + qo i ng r e s i n  This polymer provides improved pe r f o r -  
mance i n  valves, bearings, gears and o ther  f unc t i ona l  pa r t s  which 
have p r i m a r i l y  been the prov ince o f  m e t a l l i c  mate r ia l s .  It has 
outs tanding thermal s t a b i l  i t y  (94 percent 8 f  o r i g i n a l  t e n s i l e  
p rope r t i es  a re  r e ta i ned  a f t e r  ag ing a t  500 F f o r  2000 hours), and 
compat ib i  1 i t y  wi  t n  many f i l l e r  and r e i n f o r c i n g  systems. Because 
o f  t h e i r  exce l l en t  phys ica l  and e l e c t r i c a l  p rope r t i es  t h i s  polymer 
has earned wide acceptance i n  magnet w i r e  enamel, decorat ive 
f i n i s h e s  fo r  cookware, and lamina t ing  varnishes. 

Polyethersul  phone. Polyethersul  phone was developed p r i m a r i l y  
f o r  use i n  i n j e c t i o n  molding bu t  i t  may a l s o  be extruded. I t  i s  
low-smoke producing, ngnburning , and capable o f  opera t ing  a t  
temperatures above 400 F. The polymer shows a good res is tance  t o  
chemical a t t ack  i n  p a r t i c u l a r  from acids,  a l k a l i s ,  o i l s ,  and greases. 
The e f f e c t  on the t(yechan!cal p roper t ies  o f  polyethersulphone when 
aged i n  a i r  a t  300 F f o r  one year, the  y i e l d  s t ress  remains unchanged. 
Accelerateu heat ag ing t e s t s  show t h a t  the  polymer has a pred ic ted  
useful 1 i f e  of 20 years a t  360 F. Other t e s t s  show t h a t  the ma te r i a l  
s t i l l  geta ins 80 percent o f  i t s  i n i t i a l  s t reng th  a f t e r  4 weeks i n  a i r  
a t  480 F. These r e s u l t s  suggest t h a t  polyethersulphone could  be 
s u i t a b l e  for  some e l e c t r i c a l  i n s u l a t i o n  appl i c a t i o n s .  Other p r i n c i p a l  
appl i c a  t i o n  areas forseen are:  spec ia l  i zed adhesives, lacquers, 



components f o r  domestic appl iances, p r in ted  c i r c u i t  boards, T.V. com- 
ponents, f ue l  ce l l s ,  instrumentat ion housings, connectors, automotive 
and a i r c r a f t  i n t e r i o r  decor, bulb housing, etc.  

ELASTOMERS 

The development of elastomers su i tab le  f o r  the Apol lo Program was 
one o f  the mast chal lenging mater ia ls  development problems. The 
solution. a re  a t  dissonance w i t h  the requirements even more so than 
f o r  the other nonmetall ics. The solut ions t o  the problem appeared 
t o  be t o  develop heavl ly  f l uo r i na ted  elastomers tha t  were stable a t  
temperatures beyong those normal 1 y encountered i n  the Apol 1 o Program 
and t o  assure, by c r i t i c a l  se lec t ion  o f  the nonmetall ic mater ia ls  t o  
be used i n  Apol lo spacecraft, t h a t  thermal decomposition by f i r e  i s  
h igh l y  un l i ke l y .  Typical appl icat ions and proper t ies o f  elastomeric 
mater ia ls  a re  shown i n  f i gu res  11 and 12 respect ive ly .  

Typical Elastomers f o r  Aerospace Appl i ca t i ons  

Sil icones. O f  the elastomers ava i lab le  a t  the beginning o f  the 
Apol lo Program, the s i l i cones exh ib i ted  the widest range o f  favorable 
a t t r i bu tes .  Si l icones can be cured a t  low temneratures, they have 
a good service temperature, good elongation, low compression se t  and 
reasonable tens i  1 e strength, and, most important f o r  deep space 
appl i ca t ions ,  they remain f l e x i b l e  a t  temperatures lower than any 
other acceptable elastomer. The s i l  icones, anfor tunate ly  make an 
excel lent  fuel i n  pure oxygen and attempts t o  render them flame- 
res i s tan t  f a i l e d  u n t i l  l a t e  i n  the Apol lo  Program. 

Carboxy Nitrosos, I n i t i a l  e f f o r t s  t o  obta in a subs t i tu te  for 
s i  1 icones were made under NASA-JSC contract  using carbosy n i  t roso 
rubber (CNR) . CNR i s  a completely f luor ina ted  terpolymer, exh ib i t s  
excel lent  elastomeric propert ies, and i s  extremely f lame-resistant 
even i n  pure oxygen enbironments. Unfortunately, the demand f o r  
t h i s  elastomer was no t  s u f f i c i e n t  t o  permit  reducing the cost  of 
CNR by production scale-up. Experiments comparing CNR and Tef lon 
(by Thiokol)  ind icated t h a t  a t  pressures up t o  600 osia i n  pure 
oxygen, t e f l o n  sheet samples could be i g n i t e d  wh i le  CNR sheet samples 
would no t  i g n i t e  o r  char. CNR i s  a v e r s a t i l e  rubber compound; 
products include foams, impregnated fabr ics,  pott ing, conformal 
coatings, adhesives, and f i lms.  

Fluorocarbon . Because of the problems encountered w i th  CNR, 
programs ---d were n t ated t o  continue t o  develop flame-resistant 
fluoropolymers, namely v i  ton and f l uo re l .  These mater ia ls  are 
avai lab le i n  a va r ie t y  o f  compounds, inc luding fabr ic  coatings, 
spray coatings, foams, adhesives, and moldable gum stock. The 
cmp8unds have respectab1 e mechanical, chemical and high-temperature 
(750 F res i s tan t  proper t ies) .  The useful  f l e x i b i l i t y  a t  very low 
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temperatures i s  i n f e r i o r  t o  that  o f  the sil icones, l i m i t i n g  t h e i r  
use f o r  deep space applications. Coatings can be used t o  protect 
f l e x i  b le  flamnable substrates; however, they were not suitable 
f o r  appl icat ions tha t  required dynamic f lexing. A fluorocarbon 
oxygen hose i s  shown i n  f igure 13. 

Flame-Resi stant S i  1 icones. Because o f  the low-temperature 
1 i m i  tat ions o f  the fluorocarbon compounds a program was i n i t i a t e d  
t o  develop flame-resistant s i  1 icone compounds. This program had 
1 imited success. A l l  compounds developed were flamnable i n  pure 
oxygen environment unless extremely heavi ly loaded wi th  flame 
retardant. Some compounds, however, sel f - ex t i  ngui shed i n  70 
percent oxygen-enriched environments a t  6.2 psia . Typical ly ,  i n  
addit ion t o  halogens f o r  increased flame-resistance resul ts i n  a 
corresponding degradation o f  desirable mechanical properties. 
The addit ion o f  halogens d i d  adversely a f f ec t  elastomeric 
resi l ience. 

Fluorosi 1 icones. Fl  uorosi 1 icones are new engineering materials 
combining the best properties o f  fluorocarbons and s i l  icones. A 
sizeable-gap, i n  useful properties, has long existed between these 
two thermal ly-stabled polymers. Fluorocarbons are highly res is tant  
t o  fuels and solvents while many s i l icones are not. Sil icones are 
serviceable a t  very low temperatures while fluorocarbons are not. 
Cross-breeding has resul ted i n  f 1 uorosi 1 icones wi th  most o f  the 
strengths o f  both parent materials and other unique advantages. 

F l  uorosi 1 icone rubber provides exceptional resistance t o  
prolonged imnersion i n  fuels, o i l s  and solvents coupled wi th 
unexcelled s i l i cone s tab i l i t y .  It res is ts  compression set and main- 
ta ins good tear and tensi 16 strength over wide temperature extremes 
up t o  450 F i n  a i r ,  o r  350 F when immersed i n  solvent- l ike f lu ids .  
Unl i ke fluorocarbon elastomers, f l  uorosi 1 icone has outstanding 
resistance t o  18w temperature and remains stable i n  prolonged 
exposure t o  -75 F and below. It can be easi ly  fabricated i n t o  
v i r t u a l l y  any s ize o r  shape by molding, extrusion, calendering, 
dispersion coating or  foaming. It i s  also avai lable i n  a wider 
range o f  hardness t h a ~  fluorocarbons. Fluorosi 1 icone inher i t s  the 
resistance of si l icones t o  radiation, ozone, moisture, weathering, 
aging and e lec t r i ca l  stress. 

Fluorosi l  icone i s  ideal f o r  fuel  and solvent res is tant  O-rings, 
seals, gaskets, diaphragms, connector inserts, valves, wire and 
cable insulation, and other products. 

Fluorosi 1 icones are a1 so avai lable as adhesives, sealants, 
lubricants and f lu ids .  





2. New Elastomers w i th  Potent ia l  Aerospace Appl i c a  t ions  

Few ncw elastomeric mater ia ls  have been developed under A i r  Force 
c s n s a c t ,  notably, the poly t r iaz ines,  and a terpolymer o f  Tetraf luoro-  
ethylene, pref 1 uoromethyl v i ny l  ether, and pe r f  1  uorophenyl v i n y l  ether. 

Pol t r iaz ines .  The po ly t r iaz ines  have been found t o  be extra-  
ordinary -7- i n  t e i r  a b i l i t y  t o  r e t a i n  t h e i r  elastomeric charac ter is t i cs  
and strength a t  and a f te r  aging a t  extremely high temperature. It 
appears t o  be superior i n  t h i s  respect t o  other  known elastomers. 
Properhies o f  the elastomers are n o t  degraded by exposure t o  temperatures 
o f  50C F. The polymer i s  h igh ly  r e s i s t a n t  t o  most f ue l s  and solvents. 
Tests a t  212 F i n  f u e l  and water (31 days) show on ly  traces swel l ing 
suggesting i t s  for f l u i d  seals and sealants. The Hydroly t ic  s t a b i l i t y  
o f  the vulcanized polymer appears good. It has survived 72 hours 
exposure i n  b o i l  ing  water without changes. 

TFE/PMVE/PPVE Terpolymer . The te rpo l  ymer of t e t r a f  1 uoroethyl ene 
(TFE) . per f  1 uoro methyl v i n y l  ether (PMVE) and pe r f  1  u~ropheny l  v i n y l  
 ether-(^^^^) i s  no t  degradd a f t e r  4 0 0 " ~  exposure. Immersion i n  50/50 
N H - unsymmetrical dimethylhydrazine (UDMH) f o r  three months a t  room 
t k j e r a t u r e  a lso had no e f f e c t  upon mechanical propert ies. This seems 
t o  be a most promising elastomer f o r  O-ring, seals, gaskets i n  N204 
app l ica t ion  

TECHNOLOGY UTILIZATION - 
A major ob jec t ive  o f  NASA i s  t o  encourage maximum comnercial i z a t i o n  

o f  aerospace mater ia ls  f o r  the benef i t  o f  general pub1 i c .  It appears 
ce r ta in  that,  j u s t  as NASA has been able t o  render the spacecraft safe 
from f i r e ,  a comerc ia l  and m i l i t a r y  usage o f  these nonmetal 1 i c  
mater ia ls  can and w i l l  r e s u l t  i n  safer homes, c loth ing,  a i r c r a f t ,  
hospital ,  marine c r a f t ,  and automobiles, etc. Towards t h i s  end, the 
NASA Technology U t i  1  i z a t i o n  O f f  i ce  has funded several programs t o  t e s t  
the f e a s i b i l i t y  o f  u t i l i z i n g  f lame-resistant aerospace mater ia ls  i n  
nonaerospace a ~ ~ l i c a t i o n s .  Typical examples o f  these programs are 
presented as fol lows: 

F i r e  S u i t  

NASA has engaged i n  a cooperative e f f o r t  w i t h  Houston C i t y  F i r e  
Department t o  design, fabricate, and evaluate f i r e  s u i t s  u t i l i z i n g  
f lame-resistant mater ials.  This e f f o r t  culminated i n  a NASA prepared 
speci f icat ion fo r  f i r e  protect ion f o r  the fireman, wh i le  providing 
comparable o r  increased funct ional propert ies. The garments which 
have been developed and fabr icated under t h i s  program are i d e n t i f i e d  
as proximity and s t ruc tura l  f i r e  f i g h t e r s  s u i t s  and a n c i l l a r y  c lo th ing  
items. As shown i n  f igures  14, 15 and 16, each c lo th ing  i tem i s  
required t o  accomplish a d i f f e r e n t  funct ion as regards pro tec t ion  o f  
personnel involved i n  f i r e  f i g h t i n g  or  rescue operations. 

Structura l  and prox imi ty  f i r e  f i g h t e r s  c lo th ing  are  designe ' ' J 
f u l f i l l  the fo l low ing functions: 



Finl l rc 14.  S t ruc tu ra l  F i r e  r i g h t e r ' s  S u i t  
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Figure 15.  Proximity F i r e  F iah ter  S u i t  





I F i r  t h i s  s u i t  i s  normally worn by 
p e r s o e g e d  i w a c t i v i t i e s .  It i s  designed t o  be 
protect ive i n  nature, including safeguarding against temperature 
extremes; possible exposure t o  flashing, sparks, o r  embers; steam o r  
hot water; sharp objects; and abrasion and other hazards encountered 
during f i res  and emergencies. 

Proximity F i r e  Fighter Suit. This type o f  c lo th ing i s  designed 
t o  protect f i r e - f i gh t i ng  personnel f r o m  radiant  heat as may be encountered 
I n  working close t o  e x t r e k l y  hot f i res .  Should rescue o f  personnel be 
required these su i t s  may be required t o  withstand in termi t tent  exposure 
t o  d i r ec t  flame. 

The garments have been provided to f i r e  departments across the 
nation f o r  f i e l d  evaluation under a1 1 possible cl imatological conditions. 

A i rc ra f t  Cabin I n t e r i o r  Refurbishment 

Many o f  the flame-resistant material s developed for spacecraft 
applications, when properly adapted f o r  use i n  a i r c r a f t  i n t e r i o r s  can 
make a s ign i f i can t  contr ibut ion toward a f i re-safe a i r c r a f t  cabin 
in te r io r .  Therefore, NASA has refurbished i t s  executive a i r c ra f t  w i th  
aerospace materials t o  obtain base1 ine data on durab i l i ty ,  c leanabi l i  ty, 
and the other factors which are important i f  materials are t o  be accepted 
by comnercial a i r l i nes .  A photograph o f  a refurbished Gulfstream a i r -  
c ra f t  i s  shown i n  f igure 17. 

A Boeing 737 A i r  Frame has been transferred t o  NASA-JSC for con- 
firmatory f lamnabi l i ty  tes t ing t o  ve r i f y  the super ior i ty  of the new 
materials i n  res is t ing  f i r e  propagation. The flamnabil i t y  tes ts  were 
conducted u t i  1 i zing the current and aerospace materials t o  obtain 
flamnabil i t y  smoke and t o x i c i t y  data. Latest tests indicated that  the 
materials heve great ly reduced f i r e  spread, smoke and toxic gas evolution. 
Detai 1s on these flammabi 1 i t y  tests are covered i n  the paper en t i t l ed  
"Fire-Resistant A i r c ra f t  Materials Development and Evaluatif.,i Program," 
by Richard Bricker and Robert Stuckey. 

Household I n te r i o r  Furni shinqs 

To demonstrate the many poss ib i l i t i e s  f o r  use o f  aerospace materials 
as i n t e r i o r  furnishings i n  apartment buildings, nursing homes, hospitals, 
etc. NASA has furnished four typical  rooms i n  a con t ro l l td  f lamnabi l i ty  
tes t  program. Each room was furnished so that  instrumented comparisons 
of f i r e  safety could be made between the var ie ty  o f  current comnercial 
avai lable and flame-resistant aerospace materials. 

The f ~ l l a u i n g  are the descriptions o f  each room: 

1. The " typical  room" furnished wi th  items made o f  conventional 
materials ign i ted eas i l y  and burned rapidly; a f t e r  8 minutes, the con- 
tents o f  the room were nearly destroyed. 





2. The "improved room," furnished wi th  materials selected as 
being among the best c m e r c i a l l y  available, showed substantial 
improvement over the " typ ica l  room." There was slower f i r e  spread. 
However, the re l a t i ve l y  complete destruct ion o f  the room contents 
resulted large amounts o f  smoke, made i t  clear tha t  fur ther  improve- 
ments were needed. This f i r e  was stopped a f t e r  29 minutes. 

3. The "space-age room" was furnished completely wi th  new 
materials tha t  were not  ye t  c m e r c i a l l y  available. It d id  not i g n i t e  
under the normal i gn i t i on  conditinns and demonstrated the substantial 
improvement i n  f i r e  resistance f o r  those~mrter ia ls~c?ose to- the.)gni t ion 
source, A second and larger i gn i t i on  arrangement showed that  t h i s  room 
can burn, but the d i f f i c u l t y  i n  achieving t h i s  confirmed the improved 
f i r e  resistance wi th  use o f  "space age" materials. 

4. The "mixed room ensemble" was furnished wi th  materials iden- 
t i c a l  t o  the "typical room." The only exception was subst i tut ion of 
the bed from the 'space-age room," Control o f  f i r e  spread i l l u s t r a ted  
t ha t  careful placement of f lame-resistant materials i n  the f i r e  paths 
would reduce the f I r e  hazard o f  an otherwise ordinary room. 

Figures 18, 19 and 20 show the "space-age room" i n t e r i o r  furnish- 
ings before and a f t e r  the f i r e  as compared wi th  the "improved room" 
a f t e r  the f i r e .  

I n  the re lated but  separate f i e l d  tha t  was funded by L i f e  Science 
Directorate, the f o l  lowing program was accompl i shed. 

Biological Iso la t ion Garment 

Pr io r  t o  lunar explorations many unknowns existed regarding the 
lunar surface, and i n  part icular ,  there was a remote poss ib i l i t y  tha t  
there could ex is t  microbial l i f e  forms which could be highly infect ious 
e i ther  human or  earth 1 i f e .  Thus, a garment was developed t o  prevent 
possible contamination o f  the earth atmosphere wi th  ex t ra te r res t r ia l  
l i f e  forms. The garment was designed t o  contain a l l  par t ic les  of 0.45 
micron s ize and t o  prevent par t ic les  from penetrating i n t o  the wearer 
and thus a f ford  protect ion i n  contagious p rea as. It maintains a habit- 
able environment without the use o f  any ground support ven t i l a t ion  o r  
cool ing system, and provide the crewman wi th  unrestr icted mob i l i t y  
while wearing the garment. 

This garment becomes great in te res t  t o  medical researchers i n  the 
area o f  imnuno-deficiency and aplastic-anemia. NASA was contacted by 
the National Cancer I n s t i t u t e  associated wi th patients receiving 
chemotherapy f o r  lukemia. Requests f o r  i so la t ion  garment information 
were received from the Boston Children ' s Hospital Medical Center, 
Univers i ty o f  Minnesota Heal t h  Service Center, and other medical 
ins t i tu t ions.  Recently, a request was received from the Baylor College 
of Medicine, Texas Medical Center, out1 in ing  a need f o r  germ-free s u i t  
for use by a 2-112 year o ld  c h i l d  who i s  affected wi th severe innuno- 



Fiqure 18. "Space-Age" Room Interior Furni r h i no  Gcfore Fire 







deficiency, and has l i v e d  i n  a germ-free bubble since b i r t h ,  Another 
cancer  patient.'^ gown was designed and developed dnd successful 1 y 
used f o r  oxygen-enriched hyperbaric chamber appl i c a t i o n  a t  
M, D. Anderson Hospital, A bio-4solat ion garment f s  shown i n  f i gu re  21. 

Addit ional ly,  and possibly on a much la rger  scale, such a s u i t  
would be very useful i n  i s o l a t i n g  other pat ients w i t h  a va r ie t y  of 
d i  seases t h a t  require 1 lmi ted exposure t o  other people and the 
environment such as heart, kidney, o r  other t ransplant  pat ients. 

CONCLUDING REMARKS 

Many . f the flame-resistant nonmetal 1 i c  mater ia ls  t h a t  were 
developed f o r  the Apcl l o  and Skylab programs are f i nd ing  comnercial 
and m i  1 i t a r y  appl icat ions,  Interchanges o f  information are taking 
place w i t r ~  the government agencies, industr ies, educational i n s t i  - 
tut ions, which are Interested i n  appl i cz t i ons  o f  f i r e -sa fe  nonmetal1 i c  
materials. They are p a r t i c u l a r l y  appl i cab le  t o  the design of a i r c ra f t ,  
mass t r a n s i t  in te r io rs ,  t o  res ident ia l  and pub1 i c  bu i l d ing  construc- 
t ions, t o  nursing homes, and hospitals,  and t o  other f i e l d s  o f  f i r e  
safety appl icat ions, Figures 22, 23 6.1d 24 show the potent ia l  non- 
aerospace appl i ca t ions  o f  f lame-resi s tan t  aerospace mater ia l  s. 
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Figure 21. B i o i s o l a t i o n  Garment 



Figure 22 

Potent ia l  Nonaerospace Appl i cat ion  o f  F l  arne Resistant 
Aerospace Text i 1 es 

Household Cwmrercial o r  Industr i i , l  

Decorative furnishings such as Thermal insulat ions, f i r e  bar r ie rs  
drapes and upholstery; carpets or  p ro tec t ive  covers, f i r e  protec- 
and rugs, bed spreads, table cloth, t i v e  clothing, rescue services, f u r -  
clothings, blankets, mattresses, nishings f o r  nursing homes, hotels, 
sofa t ick ings,  sleep wear, sewing hospi ta ls  and pub l ic  buildings, a i r -  
threads, sweaters c r a f t  and mass t r a n s i t  furnishings, 

uniforms, r e s t r a i n t  harnesses, hos- 
p i t a l  gorrns, rac ing car d r i v e r  gar- 
ment, packaging, tents.  tarpaul ins, 
cargo compartment 1 iners, cargo 
covers, mooring l ines, te ther  and 
towlines, i n d u s t r i a l  f i l t e r s ,  hdt 
gas f i l t r a t i o n ,  f i l t r a t i o n  o f  cor- 
ros ive  chemicals, f i l t r a t i o n  f e l t ,  
e l e c t r i c a l  insulat ions. 



Figure 23 

Potential Nonaerospace Applications of Flame 
Resistant AerospLce Plast ics 

Household 

Furni tures and f ix tures , wall 
covering, decorative panels, i n te r f o r  
furnishings, mattresses and covers, 
p i  1 laws, shoner curtains, baby pants, 
window shades, toys, boots, a i r  mat- 
tresses, gloves, protect ive coatings, 
window frames, door moldings, weather 
stripping, f l o o r  coverings, seat 
covers, lamp bases 

Comkrcial and Indust r ia l  

Sporting goods, o f f i c e  equipment, 
small appl lances, autoniotive com- 
ponents such as crash pad, arm 
rest, molding, etc., machinery parts, 
instrument cases, housings, bottles, 
bui l d i q  panels, ti les , luggage, 
paints, adhesives, vehicle windows, 
s t reet  l i g h t  lamps, cookware coating, 
radomes, motor insulation, mechanical 
fasteners, biomedical components, 
visors, business machines, computer parts, 
gears, nonlubricated bearings, molded 
and extruded art ic les,  laminates. 



Figure 24 

Potent ia l  Nonaerospaoe Appl icat ion o f  Flame Resistant 
Aerospace Elastomers 

Household Commercial o r  I ndus t r i a l  

Decorative o r  t e x t u r i  zed coated F i r e  pro tec t ive  pa in ts  o r  coatings 
fabr ics  f o r  upholstery , draperies , f o r  warehouses, hote ls  , schools , 
seat covers and clothing; foams nursing homes, hospitals, and pub- 
f o r  mattresses, sofas, and pi l lows; l i c  bui ldings; c e i l i n g  t i l e s ,  f l o o r  
decorative paints f o r  wa l ls  and coverings, wa l l  panels, w i re  and 
panels. toys, a i r  mattresses, cable insu la t ion ,  packaging, seat 
s l  eepi ng bags. foams f o r  automobiles, a i r c r a f t  and 

mass t rans i ts ;  automotive par ts  and 
accessories, f u e l  pipe1 i n e  insula-  
t ions, f u r n i t u r e  and f i x t u r e  covers, 
hospi ta l  equipment, mine safety equip- 
ment, appliance parts, f i r e  pro tec t ive  
coat ing f o r  mai l  bags, a i r c r a f t  i n -  
t e r i o r  coatings, gas masks, surv iva l  
equipment, coat ing f o r  cargo covers, 
and tents, shields f o r  hazardous 
operations, oxygen hoses, adhesives, 
sealants, O-rings, gaskets, diaphragms. 
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FIRE-RESISTANT AIRCRAFT MATERIALS 
DEVELOPMENT AND EVALUATION PROGRAM 

Richard W. B r i c ke r  and Robert N. Stuckey 

INTRODUCTION 

A1 though comnerci a1 a i r c r a f t  prov ide a  remarkably safe means 
o f  t ranspor ta t ion,  when accidents do occur they sometimes invo lve  
f i r e s  t h a t  r e s u l t  i n  loss  o f  human l i f e ,  des t ruc t ion  o f  the 
a i r c r a f t ,  o r  both. A  1967 review o f  c m r c i a l  j e t  i nc i den t s  and 
accidents ( r e f .  1) revealed t h a t  f i r e s  caused o r  con t r ibu ted  t o  
passenger deaths i n  12 of 16 impact-survivable a i r c r a f t  accidents 
occur r ing  from 1958 t o  1966. A l l  12 accidents invo lved  ex te rna l  
fuel f i r e s  t h a t  r esu l t ed  i n  i n t e r i o r  cabin f i r e s  i n  11 cases. 
Several add i t i ona l  accidents r e s u l t i n g  i n  l oss  o f  l i f e  because of 
f i r e  o r  t o x i c  products have occurred since 1967 ( r e f .  1  ). F i r e s  
i n  unattended a i r c r a f t  have a l so  resu l t ed  i n  gu t ted  a i r c r a f t  
i n t e r i o r s .  These accidents i 11 us t r a t e d  the need f o r  iwproved 
f i  re - res i s  t a n t  mate r ia ls  f o r  a i  r c r a f t  i n t e r i o r s  . 

Since the  e a r l y  1 9 6 3 ' ~ ~  the manufacturers o f  comnercial 
a i r c r a f t  and the a i r 1  ines, aided by t he  Federal Av ia t i on  
ad mini st ratio^ (FAA), the Aerospace I ndus t r i es  Assoc ia t ion o f  
America, Inc .  (AIA), t he  A i r  L i ne  P i l o t s  Association, and the  
Nat ional  F i r e  Pro tec t ion  Assoc ia t ion have sought f i  r e  sa fe ty  
improvements by screening, t es t i ng ,  and  sing improved nonfl am- 
mable and f i  re - res i s tan t  mater ia ls .  The t e s t  programs inc luded  
f u l l - s c a l e  mockup flamrnabil i t y  t e s t s  of a i r c r a f t  i n t e r i o r  
con f igura t ions  ( r e f s .  1  t o  5 ) .  Experience has shown t h a t  f u l l -  
sca le  mockup t es t s  are necessary. I n d i  v i  dual mate r ia l  s  t h a t  
se l f - ex t i ngu i sh  i n  labora to ry  t e s t s  may, when used i n  a  f i n a l  
con f i gu ra t i on  w i t h  o ther  mater ia ls ,  develop s y n e r g i s t i c  reac t ions  
t o  the i g n i t i o n  source, the  con f i gu ra t i on  geometry, and the  
environmental condi t ions, resu l  t i n g  i n  a  l a rge  f i r e .  

As a  r e s u l t  of the Apol lo  spacecraf t  command module f i r e  i n  
1967 and o f  the ensuing i n v e s t i g a t i m s  r e l a t e d  t o  the  Apo l lo  
Program, the Skylab Program, and so on, new mater ia ls  having 
excel l e n t  f i  re - res i s tan t  q u a l i t i e s  i n  an oxygen-enri ched environ- 
ment have been developed. The oxygen enrichment creates more 
s t r i n g e n t  condi t ions than those encountered on present c ~ m n e r c i a l  
a i r c r a f t .  Some o f  these new promising mater ia ls  were se lected as 
candidates f o r  t h i s  program. 

PROGRAM OBJECTIVES 

The o v e r a l l  ob jec t i ves  o f  t h i s  program are t o  prov ide a  more 
fi r e - r e s i s t a n t  commercial a i r c r a f t  i n t e r i o r  and t o  improve the 
fuselage i n s u l a t i o n  b a r r i e r  between the cabin i n t e r i o r  and an 
e x t e r i o r  f u e l  f i r e .  S i g n i f i c a n t  secondary ob jec t i ves  a re  t o  
reduce the smoke and t o x i c  gas product ion o f  the  mater ia ls  and t o  
meet the end i tem use requirements pe r ta i n i ng  t o  wearabi 1  i ty,  c o l o r  
fastness, and aes the t i c  appeal. The fuse1 age i n s u l a t i o n  mater ia ls  
must meet s t r i n g e n t  requi  rements p e r t a i n i n g  t o  acoust ic  attenua- 
t i on ,  low densi ty,  and water repel  lency. 

A1 though some work has been completed on m o v i n g  i n s u l a t i o n  



materials, t h i s  papdr w i  11 present only the resu l t s  o f  the NASA 
Lyndon 8. Johnson Space Center (JSC) i n t e r i o r  cabin materials 
development and eval uat ion . 
MATERIALS APPLICATIONS AND REQUIREMENTS 

The JSC program has been di rected towards meeting the a i r -  
c r a f t  manufacturing requi wmen t s  per ta in ing t o  physical propert ies 
o f  the materi a1 and towards improving the f i r e  resistance by 
applying %re s t r i ngen t  requi rements concerning flamnabi 1 i t y  and 
smoke production along w i t h  seeking materials t h a t  have a re la -  
i vely high degradation temperature. 

PHYSICAL PROPERTIES 

The physical propert ies o f  candidate materials were given 
special a t ten t ion  and evaluat ion w i th  a goal o f  provid ing newly 
developed and modified sp ino f f  materials which meet o r  exceed 
the present standards. 

Some o f  the sp ino f f  mater ia ls  from the Apol l o  and Skylab 
programs could not  meet the se rv i ceab i l i t y  and main ta inab i l i t y  
requirements o f  the a i r c r a f t  cabin materials. Actually, space- 
c r a f t  materials were not  required t o  l a s t  longer than the mission, 
the longest o f  which was approximately 81 days (Skylab 3).  A i r -  
w a f t  cabin materials must l a s t  several years t o  be economically 
useful . 

Weight, which i s  important i n  a i r c r a f t  fabr icat ion,  was 
contro l  l ed  by the choice o f  1 ightweight high strength substrates 
used f o r  the coated fabr ics  and by opt imiz ing the coat ing th ick-  
ness. The substrate a lso contr ibutes t o  good tens i l e  and tear  
strengths. 

Aesthetic appearances o f  decorative skins were maintained by 
the conventional s i  1 k screening processes. 

Cleanabi l i  t y  i s  one of the most c r i t i c a l  properties, since 
frequent cleaning i s  required wi thout  the use o f  harsh o r  flammable 
solvents, which should not  be used o r  allowed on a i r c r a f t .  

Cost continues t o  be a major hurdle i n  adapting space 
materials and i n  fab r i ca t i ng  new materials f o r  a i r c r a f t  i n t e r i o r s .  
A small increase i n  u n i t  p r ice  t o  the a i r l i n e  industry can r e s u l t  
i n  a s ign i f i can t  amount due t o  the large number o f  a i r c r a f t  
acquired by the a i r l i n e s .  Cost o f  the candidate materials was 
reduced by the use o f  lower pr iced substrates and opt imiz ing the 
quant i ty  o f  materials used. 

I n  add i t ion  t o  optimum chemical and physical properties, a 
new mater ia l  must be read i l y  fabr icated on conventional equipment 
w i t h  no major re too l i ng  (which would increase the cost).  Alsc, 
the material  must be capable o f  being i n s t a l l e d  i n  the a i r c r a f t  
w i th  r e l a t i v e  ease. 



FIRE RESISTANCE AND RELATED REQUIREMENTS OF DEVELOPED MATERIALS 

I n  order  t o  make a s i g n i f i c a n t  con t r ibu t ion ,  chemical 
p roper t ies  o f  mate r ia ls  more s t r i n g e n t  than those cu r ren t l y  i n  
fo rce  had t o  be estab l ished f o r  the newly developed and inodi f ied 
s p i n o f f  mater ia ls .  

I n  the JSC program, the LO1 (Limi t i n g  Oxygen Index) t e s t  was 
adopted f o r  determining the f lammab i l i t y  p roper t ies  o f  mate r ia ls  
r a the r  than the FAA bunsen burner type tes t .  The LO1 t e s t  y i e l d s  
a number which i s  i n d i c a t i v e  o f  the f lamnabi l  i t y  or ,  cowers2 ly ,  
the f i r e  res is tance o f  the mater ia l .  Th is  number i s  the  percent 
o f  oxygen i n  a  mix ture o f  oxygen and n i t r ogen  below which a 
mater ia l  w i l l  n o t  sus ta in  combustion. An LO1 o f  22-24 has been 
determined t o  be equ iva len t  t o  the acceptable c r i t e r i a  o f  the FAA 
and o the r  s i m i l a r  flame propagation tes ts .  Based on JSC experience, 
a  minimum LO1 o f  30 was estab l ished as the requirement f o r  a l l  
newly acquired and developed a i r c r a f t  cabin mater ia ls .  I t was f e l t  
t h a t  t h i s  value would screen ou t  the most hazardous mater ia ls  and 
provide candidates f o r  s p e c i f i c  cabin appl i ca t i ons .  

Many o f  the a i r c r a f t  i n t e r i o r  mate r ia ls  when pyrolyzed o r  
burned produce copious q u a n t i t i e s  o f  smoke. The quan t i t y  o f  smoke 
i s  measured by determining, by o p t i c a l  methods, the reduct ion o f  
v i s i b i l i t y  caused by the  smoke from a burning t e s t  sample. The 
measurement i s  i ven  numer ica l ly  i n  terms o f  DSM (Maximum Speci f ic  
Opt i ca l  Densi ty 7 . I n  order  t o  f u r t he r  upgrade the mater ia ls  
se lec t ions  f o r  a i r c r a f t  cabin i n t e r i o r s ,  the SMD requirement was 
made more s t r i n g e n t  by s e t t i n g  an average value o f  50 ra the r  than 
the p rev ious ly  proposed value o f  200. 

When a ma te r i a l  i s  pyro lyzed o r  burned, c e r t a i n  gases, 
po ten t i  a1 l y  t o x i  c, are g i  ven o f f  i n  addi t i o n  t o  the smoke. 
Eva1 u a t i  on o f  t o x i  c i  ty i s  a  compl i cated phenomenon requi  r i n g  
constant t e s t i  ng o f  mater i  a1 s  under var ious condi ti ons and envi  ron- 
ments by experienced biochemical and medica l ly  t r a i ned  personnel . 
The mater ia ls  se lected f o r  app l i ca t i on  i n  a i r c r a f t  cabins (Table 
I )  are c u r r e n t l y  undergoing t o x i c i t y  t es t s  i n  the JSC envi ron-  
mental hea l t h  branch. 

Concurrent w i t h  f u l l  -sca le  t o x i  c i t y  t es t i ng ,  a  thermal 
s t a b i l i t y  requirement o f  390°F determined by TGA (Thermogravimetric 
ana lys is )  i n  a i r  was estab l ished as an of fgassing screening t e s t .  
Mate r ia ls  t h a t  do no t  o f fgas t o x i c  products a t  temperatures up t o  
390°F would prov ide add i t i ona l  evacuation t ime shoud a f i r e  occur. 
However, i t  has been determined t h a t  a  person's lungs f a i l  if a i r  
o r  gas a t  a  temperature o f  approximately 390°F o r  greater  i s  i n -  
haled. Some gases are evolved below 390°F; however, these are 
mainly water vapor and very small q u a n t i t i e s  o f  innocuous res idual  
so lvents  and reactants.  The idea l  cabin mater ia ls  are those which 
do n o t  outgas below 33G°F. 

There are f i v e  areas where uncoated t e x t i l e  mater ia ls  (Table 



11) n o t  der ived from the space program are used i n  the JSC program. 
These mater ia ls  shown i n  Table I 1  are r e a d i l y  ava i l ab le  from 
comnercial sources i n  q u a n t i t i e s  s u f f i c i e n t  t o  s a t i s f y  the needs 
o f  the  a i r l i n e  indus t ry ,  They do n o t  represent any sponsored o r  
in-house research and development e f f o r t  on the p a r t  o f  NASA, 
a1 though considerable R and D e f f o r t  on the p a r t  o f  i ndus t r y  was 
necessary t o  b r i n g  them t o  t h e i r  cu r ren t  s t a t e  o f  accep tab i l i t y .  
They a l so  do n o t  represent  the  bes t  poss ib le  mater ia ls  ava i l ab le  
from the v iewpoint  o f  maximum flame res is tance  and minimum smoke 
generation. Ma te r i a l s  such as Durette,  PBI , Teflon, and f i b e r -  
glass, which have played such an impor tant  p a r t  i n  the Apol l o  and 
Skylab programs, do n o t  have the requ i red  aes the t i c  p roper t ies  t o  
s a t i s f y  the needs o f  the  a i r l i n e s .  The very p roper t ies  which 
prov ide t h e i  r super io r  flame res is tance work against  t h e i r  ab i  1  i ty 
t o  be dyed by convent ional  dyes and processes. 

Since those mater ia ls  l i s t e d  i n  Table I 1  are comnercial 
mater ia ls ,  i t  was thought expedient t o  use the  FAA 12 second 
v e r t i c a l  f l ammab i l i t y  t e s t  i n  l i e u  o f  the  more s t r i n g e n t  c r i t e r i a  
estab l ished f o r  the  newly developed mater ia ls .  Actua l ly ,  on l y  the 
uphols tery  and f l o o r  cover ing ma te r i a l s  are requ i red  t o  be tes ted  
by t h i s  procedure, and the estab l ished requirement i s  a  maximum 
af ter - f lame o f  15 seconds and a  maximum char leng th  of 8 inches. 
There are no FAA f l anmab i l i  ty requirements f o r  the headrest covers 
o r  the t i c k i n g  b u t  seat  b e l t s  are requ i red  t o  pass a r a t h e r  m i l d  
h o r i  zonta l  f lamnabi 1  i ty t e s t  whi 1  e  n o t  exceedi ng a  maximum burn 
r a t e  o f  2.5 inches pe r  minute. 

Mate r ia ls  and  ADD^^ cat ions 

Table I shows the  mater ia ls  se lected f o r  cons iderat ion o f  
i n t e r i o r  cabin app l i ca t ion ,  w i t h  the except ion o f  the  t e x t i l e s  
which were genera l l y  of f - the-she1 f i tems. The f i r s t  column shows 
the app l i ca t i on  and the second column shows the f i r s t  generat ion 
development mater ia ls  which i n  most cases have been used i n  NASA 
Grumnan Gulfstream a i r c r a f t .  A1 though the f i r s t  generat ion 
mater ia ls  met the phys ica l  and f i r e  res is tance  requ i  wments, the 
mater ia ls  i n  column 3 were a  second generat ion development t o  
reduce costs and prov ide more p r a c t i c a l  mater i  a1 s  wh i l e  r e t a i n i n g  
good phys ica l  and f i  r e - r e s i s t a n t  q u a l i t i e s .  

LABORATORY TESTING 

Physical  Proper t ies  

The JSC and i ndus t r y  developed mater ia ls  are exposed t o  
labora to ry  t es t s  defined i n  a i r f rame manufacturers s p e c i f i c a t i ~ n s .  
Since these t e s t s  prov ide go/no-go resu l ts ,  mate r ia ls  se lec te r~  f o r  
f u r t h e r  eva lua t ion  are l i m i t e d  t o  those t h a t  meet t he  necessary 
phys ica l  requirements. Add i t iona l  eva lua t ion  o f  end-i tem usdge o f  
mate r ia ls  has been conducted by i n s t a l  l i n g  the mater ia ls  i~ four  
Gulfstream a i r c r a f t  used by NASA Headquarters and o ther  centers as 
execut ive a i r c r a f t .  Only those mater ia ls  t h a t  I I ; , ~  met the 



1 aboratory t e s t  requirements and proven themsel ves i n  se rv ice  on 
the NASA Gulfstreams are covered i n  t h i s  r epo r t .  

F i  r e  Resistance and Related Resul ts 

The app l i ca t i on  and labora to ry  t e s t  r e s u l t s  f o r  the more 
economical second generat ion mate r ia l s  are shown i n  Table 111. A l l  
o f  the mate r ia l s  exceed the minimum LO1 goal o f  30. The seat  
cushion foam exceeds t he  maximum smoke DSM requirement o f  50 s ince 
the mate r ia l  i s  b a s i c a l l y  a mod i f ied  polyurethane foam which i s  
i nhe ren t l y  smoky. The weight l oss  f o r  several  o f  the mate r ia l s  
ranges from 4 t o  10% a t  390°F. These losses cons i s t  p r i m a r i l y  o f  
water vapor and probably cou ld  be e l  iminated by a pos t  cure a t  some 
e levated temperature. 

Taole I 1  shows the labora to ry  t e s t  r e s u l t s  f o r  the o f f - t he -  
s h e l f  t e x t i l e  mate r ia l s .  Some o f  these ma te r i a l s  d i d  n o t  meet the  
JSC des i red goals concerning LO1 o r  smoke dens i t y  ; however, when 
exposed t o  the  FAA f l a m n a b i l i t y  tes ts ,  each ma te r i a l  exceeded the  
FAA requi  rements. The smoke dens i t y  f o r  each mater i  a1 i s  we1 1 
below the proposed FAA standard o f  200. 

FULL-SCALE TESTING OF CABIN MATERIALS 

Tests - 
Three f u l l - s c a l e  t e s t s  were performed i n  a Boeing 737 fuselage 

t o  eva luate the  se lected mate r ia l s .  Ma te r i a l s  f o r  t e s t  1 were 
suppl ied by Uni ted A i r 1  ines  and inc luded  pre-1968 Boeing 737, 727, 
and 707 ma te r i a l  con f igu ra t ions .  Mate r ia l s  used i n  t e s t s  2 and 3 
were f i  r e s t  generat ion f i r e - r e s i s t a n t  mate r ia l s ,  a1 so representa- 
t i v e  o f  i n t e r i o r  ma te r i a l s  i n s t a l  l e d  i n  two NASA Gul fs t ream a i r -  
c r a f t  f o r  in-use eva lua t ion .  De ta i l s  o f  the  t e s t  i n t e r i o r s  are 
g iven i n  Tables I V  and V .  The i n t e r i o r  con f igu ra t ions  before 
t e s t i n g  are shown i n  f i gu res  1 t o  4. A smokeless f u e l  was used 
i n  t e s t  3; otherwise, the  setup was the same as t h a t  o f  t e s t  2. 
Results o f  f u l l - s c a l e  t e s t s  conducted on second generat ion f i r c -  
r e s i s t a n t  mate r ia l s  have n o t  y e t  been f u l  l y  analyzed and there fo re  
w i  11 no t  be covered i n  t h i s  paper. 

Test S e t u ~  

A 15- foot - long sec t ion  o f  a Boeing 737 fuselage ( f i g .  5) was 
furn ished t o  s imulate  the passenger cabin o f  a commercial j e t  
t ranspor t .  S i  dewall s , windows , c e i  1 i ng panels , hatracks, passenger 
serv ice un i t s ,  and th ree  rows o f  t r i p l e  seats were i n s t a l  l e d  along 
one s ide  o f  t h i s  fuselage sect ion.  I n  add i t i on ,  t o  p r o t e c t  the 
ou te r  aluminum s k i n  o f  the  fuselase, the  e n t i r e  sec t i on  was l i n e d  
w i t h  a h i  gh-temperature ceramic i n s u l a t i o n  o f  an a lumina-s i l  i c a  
composit ion. A t y p i c a l l y  furn ished i n t e r i o r  i s  shown i n  f i g u r e  6 
and a schematic o f  the  t e s t  setup i n  f i g u r e  7. 

The i g n i t i o n  source f o r  t e s t s  1 and 2 cons is ted o f  1 q u a r t  o f  



o f  JP-4 a i r c r a f t  f u e l  contained i n  a 1 by 1 f o o t  pan and having a 
burn ing t ime o f  approximately f i v e  minutes. The pan was placed 
under the  outboard seat  o f  the middle row o f  seats ( f i g .  7) and 
i g n i t e d  e l e c t r i c a l l y .  For t e s t  3, the  JP-4 f u e l  was : eplaced by 
1 .25 quar ts  o f  a smokeless f u e l  (50% acetone and 50% methanol ) t o  
avo id  masking the smoke produced by the  burn ing mater ia ls .  The 
add i t i ona l  f ue l  was used t o  compensate f o r  the  lower energy per  
u n i t  mass content o f  t he  smokeless f ue l .  For a1 1 th ree  tes ts ,  an 
a i  r f lw r a t e  o f  200 f t3 /m in  was provided through the  15- foot  t e s t  
sec t l og  as shown i n  f i  u re  7. Two carbon d iox ide  f i r e  ext inguish-  9 e r  systems were i n s t a l  ed i n  the fuselage f o r  te rmina t ing  the  
tes ts .  One system was loca ted  i n  the 15-foot t e s t  sec t i on  f o r  
l o c a l  extinguishment, and a l a r g e r  capaci ty system was i n s t a l  l e d  
throughout t he  fuselage t o  prov ide p ro tec t i on  i f  the  f i r e  spread 
beyond the t e s t  sect ion.  This t e s t  setup b a s i c a l l y  dup l i ca ted  t he  
15- foot  mockup t e s t  conducted by t he  A I A  i n  1967 and 1968 ( r e f .  1 ), 

Inst rumentat ion 

Inst rumentat ion was provided t o  measure temperatures, cabin 
pressure, smoke densi ty,  and heat f l u x .  I n  add i t ion ,  two separate 
systems were used t o  take gas samples every 30 seconds dur ing  t he  
tes ts .  Toxic product percentages were determined by subsequent 
analyses o f  these samples. Color and i n f r a r e d  movies were taken 
dur ing the t es t s  and s t i l l  photographs before and a f t e r  each t e s t .  
Black and wh i te  and i n f r a r e d  t e l e v i s i o n  (TV) cameras were a l so  
used t o  monitor the  tes ts .  ( I n  add i t ion ,  s i x  persons observed the 
t e s t s  through windows on t he  s i de  o f  the fuse1 age opposi te the 
t e s t  region. ) Besides dup l i ca t i ng  the  AIA inst rumentat ion,  
add i t i ona l  ins t rumentat ion was provided t o  a1 low a more d e t a i l e d  
measurement and eval  uat! o~ o f  t e s t  resu l  t s  . Ins  t rumentat i  on 
loca t ions  are shown i n  f i g u r e  7. 

RESULTS AND DISCUSSION 

Because the t e s t  methods used i n  t h i s  program were se lected 
t o  a1 low c o r r e l a t i o n  and comparison w i t h  the AIA t e s t  r e s u l t s  
( r e f .  I ) ,  the r e s u l t s  o f  the JSC tes t s  are compared t o  the AIA 
resu l ts ,  as we l l  as t o  each other .  I n  add i t ion ,  r e s u l t s  o f  f i r e  
t e s t s  conducted by the FAA on a i r c r a f t  passenger seats ( r e f .  2)  
a re  discussed and compared t o  the JSC t e s t  r esu l t s .  F lammabi l i ty  
t e s t i n g  cannot be considered an exact science; hence, r e s u l t s  o f  
separate t e s t  programs can be compared i n  general terms only.  Any 
numerical values hould be i n t e r p r e t e d  as approximations, n o t  as 
exact numbers. Gas ana lys is  resu l t s ,  i n  p a r t i c u l a r ,  are acu te ly  
a f f ec ted  by va r i a t i ons  i n  t e s t  parameters and sampling techniques. 

Pre-1968 Mater ia ls  Test (Test  1) 

Test Results. Smoke was observed imnediately a f t e r  i g n i t i o n  
o f  the JP-4 fuel source i n  t e s t  1. This i n i t i a l  smoke appeared 
t o  come mainly from trle JP-4 i g n i t i o n  source; however, some smoke 
was observed coming f r o m  the  outboard seat cushion as i t  was 



i g n i t e d  by the JP-4 f i r e .  The f i r e  increased i n  s i z e  as the out -  
board seat and the  adjacent s idewal l  began t o  burn. V i s i b i l i t y  o f  
the f i r e  was l o s t  t o  observers, TV monitors, and motion p i c t u r e  
cameras a t  approximately 60 seconds elapsed t ime as b lack smoke 
f i l l e d  the  cabin. Temperatures i n  the  t e s t  sec t ion  increaced 
s l  owly u n t i  1  60 seconds ; then, the temperatures increased more 
r a p i d l y  as the f i r e  spread ana nore mate r ia l s  were i gn i t ed .  
Apparently, a  f l ash  f i r e ,  which i s  a  r a p i d  burning o f  accumulated 
ho t  combustible gases, began a t  approximately 95 seconds because 
o f  an accumulation o f  such gases along the  c e i l i n g  o f  the cabin 
i n t e r i o r .  I n d i c a t i v e  o f  the f i a sh  f i r e  phenomenon was a r ap id  
increase o f  cabit1 temperatures ( f i  3 .  8) fo l lowed by oxygen 
dep le t ion  t o  a  concent ra t ion of less than 52 ( f i g .  9). Ir! add i t ion ,  
the concent ra t ion o f  nonhydrolyzabl e products o f  combust i 07 (carbop 
dioxide, carbon monoxide, methane, and ethy lene)  increased r a p i d l y  
as the oxygen was depleted ( f i g s  10 t o  13).  Data f o r  hydro lyzable  
products o f  combustion (ch lo r ides ,  f l uo r i des ,  and cyanides) arc  
no t  ava i l ab l e  f o r  t e s t  1  because of  an e r r o r  i n  analyz ing the  gas 
samples. 

Thermocouple (TC) data i n d i c a t e  t h a t  ,'fie f l a s h  f i  r e  o r i  q inated 
beneath the hatrack,  spread t o  the c e i l i n g  and t o  the  seats, and 
propagated beneath the  hat rack f o r  the f u l l  length o f  the t e s t  
sect ion.  The propagat ion path along the forward end o f  +he t e s t  
sec t ion  cabin wa l l s  was downward from the hatrack,  as i i  l u s t r a t e d  
by a  pos t - tes t  photograph ( f i g .  14). Thc damage t o  the seats o ther  
than the one d i r e c t l y  above the i g n i t i o n  source was more severe a t  
the  top o f  the seats. This damage i nd i ca ted  hea t ing  and burn ing 
from above and i s  f u r t h e r  evidence o f  a  f l a s h  f i r e .  The damage i s  
shown i n  f i gu res  15 and 16. 

A t  140 seconds, as the f l a s h  f i r e  progressed, the  rnaxill~um 
rad ian t  heat f l u x  measured a t  standing bead l e v e l  i n  the center  
a i s i e  ( f i g .  17) was between 5 and 6 BTU/ft2-sec. Reduction o f  
v i s i b i l i t y ,  as i l l u s t r a t e d  i n  f i g u r e  18, occurred r a p i d l y  w i t h  l oss  
o f  v i s i b i l i t y  o f  the f i r e  a t  60 seconds and 83% smoke dens i t y  
measured a t  the c e i l i n g  smoke detector .  Because o f  the  h igh 
temperatures generated by the f l a s h  f i r e ,  the  t e s t  was terminated 
a f t e r  240 seconds and the f i r e  was ext ingu ished w i t h  carbon d iox ide.  

!;?illparison :Ji t h  ' j t r ler  Tests. I q  general, the JSC t e s t  1  and 
: ' ;e  A m p r e r e n t  I n - se r v i ce  Mater. ials Test were s i m i l a r  i n  conf igu-  
r a t i o n  and mate r ia l s ,  and they produced s i m i l a r  r e s u l t s  i n  
temperatures and smoke dens i t i e s .  D u r i ~ g  the A I A  Pre,ent I n -  
se rv ice  Mate r ia l s  Test o f  pre-1968 mate r ia l s ,  a  s i m i l a r  f l a s h  f i r e  
occurred; however, i t  occurred much l a t e r  than t h a t  i n  JSC t e s t  1  
and produced s l i g h t l y  lower temperatures. Oxygen dep le t ion  and 
to:.il: gas p r o d u c t j ~ n  f o r  the two tes ts  had the same t rend b u t  ?!ere 
d i f f e r e n t  i n  concent ra t ion.  This d i f f e rence  puss ib ly  was due t o  
va r i a t i ons  i n  cabin volume and i n  sampling techniqus. The FAA 
seat tes ts  on s i m i l a r  mate r ia l s  a l s o  r esu l t ed  i n  a  f l a s h  f i r e  w i t h  
comparable temperatures and products o f  combustion ( r e f .  2 ) .  The 
smoke dens i ty  l e v e l s  measured dur ing  JSC t e s t  1  fo l lowed the same 



pat tern as the leve ls  recorded f o r  the FAA seat tes ts  o f  s i m i l a r  
mater ia ls  ( r e f .  2). The leve ls  were characterized by a rap id  
reduct ion o f  v i s i b i l i t y .  Smoke production was n ~ t  continuously 
measured during the A I A  tests;  therefore, no smoke density compar- 
isons f o r  JSC t e s t  1 and the A!A t e s t  can be made. Because o f  the 
s i m i l a r i t y  o f  the resu l t s  o f  these tests, the improved-material s 
t e s t  resdl  t s  also can be compared general ly w i t h  the resu l t s  o f  
the ear? e r  A I A  and FAA t es t s  . 
New Materials Test (Test 2) 

Test Results. Test 2 a lso began w i t h  an immediate indication 
o f  smoke comlng mainly from the 3P-4 i g n i t i o n  fue l  and the out- 
board seat cushion above the fue l  f i r e .  The f i r e  slowly increased 
i n  s ize  u n t i l ,  a t  approximately 45 seconds elapsed time, i t  
i n t e n s i f i e d  as the f i  re-res is  t a n t  materi a! decomposed and re1 eased 
flammable gases. Unl ike the materials u.;cu f o r  t e s t  1, however, 
the f i  re-res i  s tan t  materi a1 s burned o r  decomposed only where 
exposed t o  the JP-4 fue l  f i r e  and d i d  no t  al low the f i r e  t o  
propagate; therefore, the amount o f  combustible gases 1 i berated 
during t e s t  2 was apparently f n s u f f i c i e n t  t o  produce a f l ash  f i r e .  

After* i gn i t i on ,  the smoke der ' l t y  increased, and v i s i b i l i t y  
o f  ?he f i r e  was l o s t  a t  approximately 150 sec~nd. as smoke f i l l e d  
the cabin. I n  addit ion, cabin temperatures S !  wly increased, 
pe3ked a t  approximately 150 seconds, and then began t o  decrease 
( f i g .  19). Tempera tu~s  measured a t  the sidewal l  and seat armrest 
above the fuel  pan reached 1250°F; hrwever, motion p ic tu res  
revealed tha t  :'>e TC's a t  these locat ions were p a r t l y  subjected t o  
d i r e c t  flame impingement from the i g n i t i o n  source, both during t h i s  
t e s t  and during tes ts  1 and 3. The gradual decrea~., i n  oxygen 
( f i g .  9) and the gradual increase i n  carbon monoxiue and hydro- 
carbons ( f i g s  11 to  13) i nd i ca te  a t yp i ca l  open f i r e  and absence 
o f  a rapid-burning f l ash  f i r e .  A t yp i ca l  open f i r e  would gradual ly 
cease as the oxygen content o f  the a i r  reached approximately 15% 
( r e f .  2 ) .  Fxamination o f  f igures 9 and 13 shows tha,t the tempera- 
tures began decreasing as the oxygen content approached the 15% 
leve l .  Maximum hea i  f l u x  measured dbring t e s t  2 ( f i g .  17 j  was les? 
than 0.5 BTUlft2-sec a t  140 seconds a f t e r  f ue l  i g n i t i o n .  

Figures 20 t o  24 show c l e a r l y  t h a t  flames d i d  no t  propagatc, 
and damage was confined t o  the seat ~ b o v e  the f i r e  and the adjacent 
sidewall . The c e i l  i n g  was severely damaged ( f i g .  21 ) , but, because 
o f  inadequate i nsu la t i on  behind panels ad j tcent  t o  the i g n i t i o n  
source, flames me1 ted  through the sidewal l and spread between the 
sidewal l  and i nsu la t i on  t o  the unprotected back side ~f the c d i l  i n g  
panels, which had a flamnable paper honeycomb core. The flames 
then melted through the aluminum sk in  above the c e i l i n g  pmels ,  and 
the t e s t  was terminated a f te r  200 seconds t o  prevent c?s t ruc t ion  o f  
the fuselage. The paper honeycomj c e i l i n g  panels w v e  :rc;t intended 
f o r  involvement i n  the f i r e  since they were knmti iu :':e f l a m a b l e  
and f i r e - r e s i s t a p t  c e i l i n g  mate;*ials are t o  be e v a l u r ~ r d  i n  
subsequent tests . 



Comparison With Other Tests. Far less mater ia l  damage occur- 
red i n  t e s t  2 than i n  t e s t  1, and propagation o f  the f i r e  was 
1 imi ted ( f i g s  15 and 20). A comparison o f  c e i l i n g  temperatures 
( f i g .  25) ind icated a maximum temperature o f  450°F f o r '  t e s t  2, 
whereas, during t e s t  1 the temperature a t  the same loca t i on  was 
more than 1400°F. Temperatures a t  other locat ions were a lso 
s ign i f i can t l y  lower i n  t e s t  2 than those measured i n  t e s t  1. 
Maximum hzat f l u x  leve ls  i n  t e s t  2 were only one- f i f teenth as high 
as those i n  t e s t  1 ( f i g .  17). The leve ls  o f  carbon monoxide and 
carbon dioxide were s ign i f i can t l y  lower i n  t e s t  2 than i n  t e s t  1 
( f i g s  10 and 11). Also, the loss o f  v i s i b i l i t y  because o f  smoke 
density occurred s i g n i f i c a n t l y  l a t e r  i n  t e s t  2 than i n  t e s t  1, as 
shown i n  f i gu re  18. 

The concentrations o f  n o n h y d r o l y z s ~ ; ~  products o f  coinkcstion 
produced during JSC t e s t  2 were much lower than the concentrations 
found i n  JSC t e s t  1 and thcse reported f o r  the A I A  t es t .  The 
resu l ts  o f  the A I A  Present In-service Mater ia ls  Test were used t o  
provide base1 i ne data on the hydrolyzable products o f  combusticn. 
As shown i n  Table V I ,  the maximum ch lor ide  value i n  JSC t e s t  2 was 
higher than the AIA-measured concentration, and the f l u o r i d e  and 
cyani t  ;. Iues were cansiderably lower. Because o f  s l i g h t  
d i f f e r < r . - ;  i n  the t e s t  conf igurat ion and i n  tne gas sampling and 
analyzing techniques, no d i r e c t  comparison o f  the JSC and A I A  
hydrolyzable product? o f  combustion $as been attempted. 

However two important factors ind icated by these data should 
be pointed out. F i r s t ,  a1 though much greater amounts o f  f luorsine- 
base polymers were present i n  JSC t e s t  2 than i n  the A I A  test ,  the 
measured f l uo r i de  concentration was r e l a t i v e l y  I c J ,  as exp 2d. 
A f l uo r i de  absorber ( ~ r  scavenger) had been compounded i n t o  crle 
Fluorel  formulation t o  capture and convert the reac t ive  f l u o r i n e  
species t o  a s o l i d  ash; t h i s  formulat ion resu l ted  i n  reduction of 
the amount o f  t ox i c  gases released; such as carbonyl f l u o r i d e  2nd 
hydrogen f 1 uor i  de. Second, the cyani de concentrat i  o i  reduct ion 
was also expected because of the replacement o f  the urethane-base 
seat cushion material  used i n  JSC t e s t  1 and i n  the A I A  t e s t  w i th  
a f i  re-res i s t a n t  urethane foam. This new urethane mater ia l  w i  1 l 
not  sustain combustion and, therefore, w i l l  no t  release tox i c  
cyanide products o f  combustion, such as hydrogen cyanide, unless 
exposed t o  an external heat source. 

Analysis o f  the comparative resul t s  o f  tes ts  1 and 2 also 
i ~ d i c a t e s  tha t  more time would be ava i lab le  t o  combat and ex t in -  
guish an i n - f l i g h t  cabin f i r e  o r  an unattended ground f i r e  i n  an 
a i r c r a f t  refurbished w i  th  thd improved mater ia ls .  A1 though 
comparative resu l t s  show tha t  a s i g n i f i c a n t  im?rovemect was 
a t t t i n e d  i n  t e s t  2, the unexpected burning o f  the paper honeycomb 
c e i l i n g  panels (w i th  the?, addi t ional  cont r ibu t ion  t o  thermal and 
combvction products) resul t ? d  i n  some masking o f  the rea l  improve- 
oet.. provided by the new materials.  As previously stated, there 
was evidence tha t  a f lash  f i r e  d i d  occur i n  t e s t  1 ; however, ;ur 
t e s t  2, a l l  evidence p ~ i n t s  t o  the conclusion tha t  no f lash  f i r e  



ccurred. (See the preceding discussion and f i g s  17 and 25. ) 

New Mater ials Test w i t h  Smokeless Fuel (Test 3)  

Test Resgl ts .  During t e s t  3, i t  was v i s u a l l y  observed and 
l a t e r  v e r i f i e d  by motion p ic tu res  tha t  the smokeless fuel  (acetone 
and methanol) d i d  no t  produce a f i r e  as dynamic as the JP-4 a i r -  
c r a f t  fue l  f i r e .  More time was required t o  i g n i t e  the smokeless 
fue l  and f o r  the fue l  t o  reach maximum burning temperature. I n  
addit ion, the flames o f  the burning smokeless fue l  were not  as 
large and d i d  no t  extend outward from beneath the seat t o  impinge 
on the adjacent sidewal l  as much as d i d  the flames o f  the burning 
JP-4 a i r c r a f t  fue l .  Consequently, cabin temperatures increased 
slowly t o  a maximum value o f  500°F ( a t  the sidewal l  adjacent t o  
the fue l  pal., a t  window leve l )  a t  200 seconds elapsed time, and 
then decreased slowly ( f i g .  26). Smoke production was s l i g h t  
( f i q .  18) u n t i l  SO seconds, when the smoke began t o  increase 
slowly. A l e v e l  o f  55% was measured a t  the c e i l i n g  smoke detector  
240 seconds a f t e r  i g n i t i o n .  The t e s t  2 l eve l  was 94%. 

The data ind ica te  tha t  a t yp i ca l  open f i r e  occurred, s i m i l a r  
t o  the f i r e  t ha t  occurred i n  t e s t  2, ra ther  than a rapid-burning 
f lash f i r e  such as tha t  observed during t e s t  1. Damage to  the 
seat above the fue l  f i r e  was almost i den t i ca l  t o  t ha t  i n  t e s t  2 ,  
but  sidewall damage was less severe. Ce i l i ng  damage was also less 
severe because addi t i ona l  f i  rebreak insu la t ion ,  which had been 
added t o  f i  11 the gap between ex i s t i ng  i n s u l d t i ~ n  and the sidewalls, 
prevented propagation o f  flames t o  the back s ide o f  the c e i l i n g  
p a n ~ l s .  Consequently, nlajor damage was sustained on ly  by the seat 
d i r e c t l y  above the fue l  f i r e ;  thus, lower cabin temperdtures, less 
rad ian t  heat, and smaller concentrations o f  combustible products 
resulted. Because the f i r e  was small, the t e s t  was continued f o r  
340 seconds before termination; however, t e s t  val ues beyond 300 
seconds are no t  reported. 

Comparison With Other Tests. A coniparison o f  the data from 
f igures 17, 19, 25, and 26 shows tha t  the rad ian t  heat f l ux  and 
the cabin temperatures measured a t  the center o f  the t e s t  skc t ion  
f o r  tes: 3 were approxinlately h a l f  the values f o r  t e s t  2. Exami- 
nat ion o f  the gas analysis resu l t s  ( f i g s  10 t o  13 and 27 t o  29) 
shows the same general t rend o f  a 50: reduct ion f c r  m n y  o f  the 
products o f  combustion. 

Because i den t i ca l  mater ials were used i n  tests 2 and 3, the 
di f ferences i n  v i s i b i l  i t y  (94 and 55%, respect ively,  a t  240 seconds 
elapsed time ( f i g .  18))  resul ted p a r t l y  from the addi t ional  smoke 
produced by the JP-4 fue l .  Some o f  these di f ferences also 
undoubtedly were due t o  the smaller f i r e  and less burning o f  
mater ials tha t  occurred i n  t es t  3. This i n f o m a t i o n  also indicates 
tha t  a s ign i f i can t  por t ion  o f  the reduct ion i n  v i s i b i l i t y  w i t h i n  
the c;Sin f o r  tes ts  1 and 2 was due t o  the smoke produced by the 
JP-4 i g n i t i o n  source. However, even a f t e r  cons i d e r i  ng the smoke 
contr ibut ion o f  the JP-4 fupl ,  the smoke density o f  t e s t  1 would 



s t i l l  be considerably greater than t h a t  o f  t e s t  2. 

Results o f  tests  2 and 3 a lso showed tha t  the type o f  i g n i t i o n  
fue l  used inf luenced the resu l ts  o f  the tests because o f  d i f ferences 
i n  amounts o f  t h e m 1  input  and smoke production. 'The addl t i ona l  
burning tha t  occurred i n  t e s t  2 was possibly a more s i g n i f i c a n t  
cont r ibu t ion  t o  the reduct ion i n  the paranleters used f o r  comparing 
the resu l t s  o f  tes ts  3 and 2. As previously mentioned, t h i s  burning 
occurred because o f  inadequate i nsu la t i on  behi nd wal l  and ce i  1  i n g  
pdnelc i n  t e s t  2. The c e i l i n g  burned and contr ibuted t o  the f i r e ,  
resu. t i n g  i n  higher temperatures and la rger  quan t i t i es  of c a d u s t i o n  
products In t e s t  2 than i n  t e s t  3. 

CONCLUDING REMARKS 

Three fu l l - sca le  a i r c r a f t  f l a n n ~ b i  li t y  tests were perfornted t o  
evaluate the effect iveness o f  improved f i  re - res is tan t  mater ials by 
comparing t h e i r  burning charact l r i s t i c s  w i th  those o f  o lder  a i r -  
c r a f t  mater ials.  

I n  t es t  1, pre-1968 mater ia ls  wcre tested t o  cor re la te  w i t h  
previous tes ts  o f  s i ~ n i  1 a r  nrateri a1 s  by the Aerospace Industr ies 
Association o f  Anlerica, Inc., arid t o  provide a  base1 ine for  
subsequent tests.  The tes t  resu l ted  i n  s ign i  f i c a t ~ t  f ire propaga- 
t ion,  rap id  loss o t  v i s i b i l i t y ,  evidence o f  f lash  f i r e  (charac- 
ter ized by rap id  oxygen deplet ion and r-dpid tenrper8atu;.e i ~ c r s a s e ) ,  
s i g n i f i c a n t  quant i t ies  o f  t ox i c  gases, and h i  gll tenrDeratuws 
Major f i r e  damage was sustai ned throughout the t e s t  sect ion. 

Test 2, i n  which newer inlproved f i  re-res i  s tant  mater ials were 
tested, resul ted i n  less f i re propagati an, lo \vc?r  tenperatures, a  
longer t i n k  lapse before loss o f  v i s i b i l i t y ,  and a  s i g n i f i c a n t  
reduction o f  tox ic  gas concentrat ions hecause o f  the nruch srrlal l e r  
f i r e .  No f l ash  f i r e  occurred ( therefore,  IIII riill\unl oxygen deplet ion)  
and the f i r e  damage was vety l i l r ~ i t e t l .  (In1 ihe  the nlaterials used 
f o r  t e s t  1 , the f i  re-res is tant  mater ia ls  b;rrned o r  decomposed only 
whi l e  ex~osed t o  the fuel  ign i t ior r  source find d i d  not propagate the 
f i r e  s i g n i f i c a n t  distances fro111 the i g n i  t i o n  source. I lnfortunatcly , 
some i ricrease i n  temperature drtd ~01111)us t ion prodi~cts occurred 
during tes t  2 bec~use o f  the hurt;ing fro111 the back s ide of the 
f i a~mab le  paper honeycolnh ctz i l ing palie;,. This tinexpected burning 
probably detracted t o  sollie extent fronr the degree o f  improvement 
that  coul J be expected o f  the na; nraterials. 

In t e s t  3, the JP-4 a i r c r a f t  fue l  i g r i i t i o r ~  source wds replaced 
w i th  a slnoLe1ess fuel  (ncetc~rle/'nvttiatio1). The r e s u l t  was an ever) 
greater reduc t i or1 i n  temperatures , snlohe, t ox i c  g,ts production, and 
f i r e  danrage than observed i n  t i le previous tes t  o f  the newer 
r a l s  Part  o f  the reJuct ion during test. 3 cnrl be a i t r i h u t e d  
i c  the prov is ion o f  nnre i n s u l a t i o t ~  t o  prevent burning o f  flnmnable 
c e i l i n g  materials,  sucli ds burned i n  tes t  2. The resu l ts  o f  t e s t  
3 documented the s igni f icd l lce o f  the si~roke produced by the 3P-4 
a i r c r a f t  fue l  i n  reducing cabin v i s i b i l i t y  dr~d also permit ted an 



evaluation o f  the smoke produced only by the fl re-resistant mater- 
ia ls .  As i n  test  2, no flash f i r e  was observed during the 5 t o  
6 minute v is ib le  portlon o f  test  3. Furthermore, analysis ef  a1 1 
other evidence indicates that no f lash f i r e  occurred a t  any time 
during the test  . 

Results from tests 2 and 3 demonstrated that use of  the 
improved materials would provide some degree o f  additional safety 
during a i r c ra f t  cabin f ires. Substantial ign i t ion  sources would 
be required t o  ign i te  the Improved materials. When ign i t ion from 
such sources occurs, the f i r e  would remain somewhat subdued fo r  a 
s igni f icant time, thus permitting adequate time fo r  implementation 
o f  extingui shment procedures. 
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P a r t  desc r ip t ion  

Cei l ing panel 

S ideua l l  panels 

r l o o r  covering 

Ha track bullnose 

l a t r  ack 

~ a s s e n g e r  se rv ice  
u l r i  t 

s e a t s  

* 

a a t r r i r l s  used 

P iberg lass  coated w i t h  w h i t e  
? luore l  L-3293-6, overcoated 
with Kel-? FX703, appl ied t o  
i d e n t i c a l  c e i l i n q  panels of 
pre-1968 ~ r t e r i a l a  t e s t  
( t e s t  1) 

Duret te  UCC-5 coated a i t h  
r l u o r e l  L-32'23-6, overcoatrd 
w i t h  Kel-F tx703, appl ied t o  
a l o r i n u r  sheet  

Uool c a r ~ e t  t r e a t e d  w i t h  
,mmoniur dihydrcqen ~ b c a -  
phate and h igh- res i l i ence  
foa r  padding t r e a t e d  w i t h  
t l u c r e l  L-3193-6 

P i t e r g l a s s  coated w i t h  whitc 
Fluorel  L-32C3-6, overccated 
w i t b  Kek-F FXlC3, placed 
over h igh- res i l i ence  toar  
t r e a t e d  w i t h  F lucrel  L-32C?-6 

Pa~er-core/alurinum-edqed 
f i b e r g l a s s  arnduich,  under- 
s i d e  of t r e a t e d  high- 
r e s i  l ienc* f  oa r ,  covered 
by f i b e r g l a s s  ccatcd with a 

white l i u c r e l  1-32C3-6, 
overcoated r i t h  Kel-? FX7C3 

F C D - U Y  f s l t  impregnated w i t h  
6113 r e s i n  and ~ a i n t e d  bi th  
w h i t  r Flucrel  L-5203-6 

Cushions: t r ea ted  high- 
r e s i l i e n c e  foa r ;  cushion 
fabr ic :  Froban rool:  arm- 
r e s t s :  Cutet te  U00-5 ccatrt l  
w i t h  blue F l u c t s l  L-3203-6, 
overcoated u i t h  t e l -F  PX7C3; 
s e a t  back: Frotan uool: 
s e a t  be l t :  Wceex 

c c r r e n t s  

- - 

-- 

-- 

- - 

P a p e r - c o t s ~ a l u r i n u r -  
edged f i t e r g l a e s  - sandwich was c t i g i -  
nal eoeinq 727 Fart  

- - 

- - 







Figure 

Pan 

Time, sec 

8.- Temperatures at center of test section, 
pre-1968 materials. 













Pre-1968 materials 1 

0 6 0  120 180 2 40 300 

Time, sec 

Figure 1 7 . -  Heat f l u x  a t  c e n t x  of test s e c t i o n ,  center  a i s l e .  
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Figure 18.- Minimum and maximum smoke density levels. 
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Fi.gure 1. - Test mf igu ra t im  for test 1 uslrrg pi--1968 naterials, 
side view. 



Figure 2. - Test configuration for test 1 using pre-1968 r;a%rials, 
frmt view. 



Figure 3.  - Tes t  configuration for tests 2 and 3 using ned n~terials, 
s ide  tied. 
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Figure 6. - mically furnished 4.6-mter (15 foot) test sectim. 



F i g u r e  14 . -  S idewal l  fire damage for test 1 u s i n g  pre-1968 
m a t e r i a l s .  





F i g u r e  1 6 .  - F i r e  d,~maqc for tcms t 1 u: ; inr ;  1)r-c.- 1 ' ) O R  r.1'1 t c r l ~ l l : ; ,  
f r o n t  vicw. 



F i g u r e  20.- F i r e  damage for test 2 u s i n g  ncw m; t tc>r i ,~ ls ,  sic'le v i e w .  







F 4 g u r e  2 3 . -  Scat t o p  f i r e  darnaqC f o r  t e s t  2 usino nrw mLjtoriq21s.  



Figure 24.- Seat back f i r c  c i ; l r n , ~ a c .  fo r  t r s t  2 u:: i n < r  t i ~ w  m,lt i - r la ls .  
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